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ABSTRACT

The starting transients of high-performance solid-pro-
pellant rocket motors having small port-to-throat area ratios
are inaccurately predicted and unsatisfactorily analyzed by
either the widely used lumped chamber-parameter models, or
the quasi-steady one-dimensional flow models. In this study,
a comprehensive analytical model has been developed to describe
the transfer of mass, momentum and heat, and the fast ignition
propagation along the port of monolithic rocket motors with
high internal gas velocities during the three major phases
of the starting transient: induction, flame spreading, and
chamber filling. Both time and space development of the flow
field in the motor are considered.

The gas dynamics in the chamber is governed by a set of
three hyperbolic partial differential equations, that are
coupled with the ignition and flame spreading events, and
with the axial variation of mass addition. The flame spread-
ing rate is calculated by local successive heating-to-igni-
tion along the propellant grain surface. Local augmentation
of the burning rate due to erosive burning is considered by
using a modified Lenoir-Robillard's law. Entrance, bound-
ary-layer, and surface roughness effects are accounted for
in the empirical expressions for heat-transfer and friction
coefficients.

The numerical solution of the governing equations
utilizes an implicit finite-difference scheme combined with
suitable initial conditions and proper physical anc extran-
eous boundary ccnditions at both ends of the motor. The
solution yields pressure, velocity and temperature distri-
butions along the port for each calculation time step.

Experimental diagnostic studies were carried out with
a laboratory-size rectangular window motor (50 cm grain
length, 5 cm burning perimeter, and 1 cm hydraulic port
diameter), using a controllable, head-end gaseous pyrogen
igniter. Pressure measurements were taken at five stations
along the port. Tests were conducted with unmetallized AP
composite propellant at port-to-throat area ratios (Ap/Ay)
of 2.0, 1.5, 1.2, and 1.06. Accordingly, the head-en
pressures varied from 37 to 75 atm.

Calculated pressure transients [p(t,x)] are in very
good agreement with those measured in the experimental
system, for all port-to-~-throat arca ratios tested. Agree-
ment within 10% has been obtained Letween calculated and
experimentally measured ignition-delay and flame-spreading
times, pressure peaks and times to achieve the pressure peaks
for Ap/At = 2.0, 1.5 and 1.2. For Ap/A¢ = 1.06, the agree-
ment in times was within 15%, due to high gas velocities and
low induction pressures. The highest pressurization rates
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in all tests were measured at mid-motor. Rates as high as
7,000 atm/sec with Ap/At = 2.0 and as low as 3,000 atm/sec
with Ap/At = 1,06 were measured.

Parametric studies have shown that the induction period
and flame spreading duration are greatly affected by the ig-
niter mass flow rate and gas temperature, the correlation for
heat-transfer coefficient, A /A between 1.06 and 1.5, and
uncertainty in the thermal conductivity and ignition temper-
ature of the propel.ant. The maximum chamber pressure and
pressurization rate are affected by the igniter mass flow
rate, burning surface-to-throat area ratio, burning rate law,
Ap/Ay, and axial distance along the port.

The analysis enables starting thrust transient predic-
tion and control by proper calculation of the stagnation
pressure at the nozzle entrance.

An important area for future work is to extend this
analysis to segmented motors.

The formulation of the analytical model allows an easy
extension of the analysis to various types of solid propel-
lants and operational motor configurations.
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NOMENCLATURE
Ab = burning surface area of propellant, cm2
. Am = gcross~sectional area of motor, cm2
' Ap = cross-sectional area of the port (port area), cm2
At = motor nozzle throat area, cm2
¢ A,,A,,A; = points in Figs. 8 and 9
]
' a = pre-exponential factor in the non-erosive burning
rate law (r0 = apn)
ay = coefficient in the expression for convective heat-

transfer coefficient [see Eqg. (III-27)]

{ al,az,a3,a4,a5,a6 = coefficients in correlations and cor-
t rection functions for the convective

heat-transfer coefficient (see Section

D, Chapter III)

#*

4

| BQ'Br = points at left boundary and right boundary, res-
’ pectively (see Figs. 8 and 9)

b = burning perimeter, cm
c = speed of sound, cm/sec; when with subscript -
specific heat, cal/g-°K
. c* = characteristic velocity, cm/sec
cp = specific heat at constant pressure, cal/g-°kK
d = duct diameter, cm
) dh = hydraulic diameter of the port, cm
dp = diameter of a cylindrical port, cm
E = total stored energy per unit mass, e + uz/qu, cal/a
i\ Ea = activation energy of propellant surface reaction,
cal/g-mole
: e = internal energy of gas, cal/g
B F = functional coefficient [see Eq. (IV-2)]

£ = friction coefficient, 2grw/pu2
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volumetric loading-density factor [see Eq. (I-3)]

v

G = mass velocity, pu/Ap, g/cm4-sec

g = acceleratiog of gravity, conversion factor,
g-cm/gf-sec” *

hc = logal convective heat-transfer coefficient, cal/
cm--sec-°K

hc = local convective heat-trangfer coefficient over the

P propeilant surface, cal/cm”=-sec-°K

hcw = local convective heat-transfer caefficient over the
non-propellant port wall, cal/cm“-sec-°K

hf = enthalpy of the propellant combustion gas at the
adiabatic flame temperature, cal/g

hp = port height (see Fig. 2), cm

Isp = specific impulse of the solid propellant, gf-sec/g

Itof = total impulse delivered by a rocket motor, kgf-sec

Iu,iT,I = inhomogeneous ‘-erms in the governing equations
P [see Eg. (IV-2)]

Jc = mec.lanical egquivalent of heat, gf-cm/cal

k = erosive burning coefficient, cm3-°K/ca1

ko'kl'kz'k3 = coefficients in Eq. (III-40)

L = effective length of motor combustion chamber, cm

L* = characteristic length, cm

M = Mach number

m = mass velocity exponent in correlations for the con-

vective heat-transfer coefficient (see Section A,
Chapter II)

mig = igniteir mass flow rate, g/sec

m = mass flow rate through the motor nozzle, g/sec

N = number of spacewise mesi points for the numerical
calculation

Nu = Nusselt number

*gf dJdenotes unit of gram force.

L ML T L .k.&mv S
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pas

pind
Py

= pressure level during the induction interval, gi/cm

pressure expgnent in the non-erosive burning rate
law (r, = ap’)

Prandtl number

wetted perimeter of the port, cm
static pressure, gf/cm2

2

ambient pressure, gf/cm

stagnation pressyre at the motor aft end (nozzle
entrance), gf/cm

2

static pressure at the motor nozzle throat, gf/cm2

P11Py1P3/PysPg = static pressure at statioans 1 thgough 5,

respectively (see Fig. 2), gf/cm

— g . 2
pl,fs = pressure at station 1 at time tfs' gf/cm

qy
R

Re

rate of heat transfer, cal/cmz-sec

specific gas constant of the combustion gases,
gf-cm/g-°K

Reynolds number
universal gas constant, 1.98 cal/g-mole-°K

burning rate of the solid propellant, including the
erosive burning contribution, cm/sec

noB-erosive burning rate of the solid propellant,
ap , cm/sec

flame propagation (spreading) rate, cm/sec

temperature; without subscript - static gas tempera-
ture, °K

average film gas temperature, (T + Tps)/z, “K

adiabatic flame temperature of the solid propellant,
-]
K

effective mean temperature of the igniter gas, °K

initial propellant temperature, °K
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Tps = propellant surface temperature, °K
s igq = propellant surface ~mperature, at which propellant t
ps.19 ignition occurs, °K ’
. ) 'I‘s = duct surface temperature (in general), °K
ws = non-propellant wall surface temperature, °K
i‘ St = Stanton number
i
1 s = exponent of the length-to-diameter ratio in correla-
’ tions for the heat-transfer coefficient (see Section
D, Chapter III)
t = time, sec
; ig = ignition delay time (time from onset of igniter to
: g the instant of first ignitinn of propellant), sec
ty, = Pressure delay time (time from onset of igniter to
P the instant of attaining 10% of the maximum pressure
at the motor fore-end), sec
tfs = time from onset of igniter to the instant of flame
spreading completion, sec
tom = time fron onset of igniter to attainment of maximum
Pr fore-end pressure, sec
torm = time from onset of igniter to attainment of m>- ~um
% P pressurization rate at motor rfore-end, sec
b
i u = gas velocity, cm/sec
\ = volume, cm3
’ W = molecular weight of the combustion gases, g/g-mole
s
. X = axial distance from igniter nozzle end, cm
Xp = position at the motor aft end (entrance to motor
. nozzle), cm
"
Xim = position at the impingement of the igniter jet

X X9 = position at the entrance to the propellaat section
P (propellant slab leading edge), cm

x, = rxial distance from the point of igniter jet impinge-

rent, x - xim' cm
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perpendicular distance from the propellant surface
into the solid (see Fig. 7), cm

Greek letters

B ————

thermal diffusivity, cmz/sec

erosive burning exponent [see Eq. (III-35)]

a function of Y,{v[2/(y+l)](Y""“/("{"l)}l/2
ratio of specific heats

difference

mesh size on t-axis

mesh size on x-axis

penetration distance (see Section G, Chapter III), cm
characterastic thickness of prehecated layer, cm
a small number in Eq. (III-""), °K

equivalent sand roughness, cm

internal performance of a salid-propellant motor
[see Eq. (I-1)], kgf-sec/cm

weighting parameter for the implicit numerical scheme
thermal conductivity, cal/cm-sec-°K

viscosity of the combustion gases, g/cm-sec (poise)
density (without subscript - gas density), g/cm3
relaxation time for the condensed phase, sec

time for burning through preheaced layer, sec
characteristic time for pressure variation, sec

characteristic pressurization time, corresponding
to maximum pressurization rate [see Eg. (C-3)]), sec

total time of pressurization, sec

characteristic time for surface reactions, sec
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T

shear stress on the port wall, gf/cm2

W

Tex = normal shear stress, g /cmz

Superscripts

j = index for mesh time increments, td = jat

* = reference quantity for non-dimensionalization (see
Appendix A)

- = weight-averaged quantity

B = non-dimensionalized quantity

Subscripts

A2,A2 = values at points A, and KZ' respectively [see Figs.
8 and 9 ~nd Eq. (I9-15)]

af = evaluated at the average film gas temperature (Taf)
d = based on diameter
E = motor chamber aft end (entrance to motor nozzle)
es = entrance section
i = initial value
max = maximum value
n = index for mesh points in the axial direction,
X_ = nAx
n
pd = calculated by the latest predictor calc lation [see
Eq. IV-8)]
pr = solid propellant (condensed phase)
x0 = values at position Xq
I = along right-running characteristics
II = along left-running characteristics

IITI = along particle-path line
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CHAPTER 1

INTRODUCTION

A. Motivation and Purpose of the Study

Prediction and control of the pressure-time and thrust-
time programs of high-performance solid propellant rocket
motors during the early phases of operation often depend on
proper understanding of the complex interactions between
elements such as, the igniter gas flow, heat transfer to the
propellant, flame spreading, developing flow field, and ero-
sive burning. The ability to predict and control the motor
starting transient enables the following typical design and
analysis objectives to be considered and approached:

(1) Keeping the overall transient time within speci-
field limits;

(2) Reducing motor-to-motor variations (which is
important, for instance, in the start of clustered
motors) ;

(3) Extrapolation of sea-level motor ignition data to
high altitude ignition conditions;

(4) Extrapolation of tests at normal temperatures
(¢ 20°C) to a wide temperature range (e.g., -40°C
to +60°C);

(5) Prediction and reduction of the overpressure, that
sometimes accompanies ignition;

(6) Avoiding misfires and hangfires;

(7) Predicting the effects of long term storage on
ignition requirements, once the effect of the in-
fluence of aging on ignition energy is known, and

(8) Predicting how a design modification will alter
performance (e.g., propellant substitution, changes
in throat area and motor dimensions, and propellant
surface treatment).

Quantitative prediction and knowledge of the maximum
pressure and pressurization rate during the ignition transient
are very important to the rocket-motor designer. They allow
and justify the use of a small margin of safety for the
engine parts, thus obtaining high motor mass ratios. The
pressure peak, frequently encountered during the starting
transient of high-performance rocket engines, affects the
structural design of the hardware, the grain integrity, and
the use of acceleration-sensitive parts in the propelled
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system. For particular designs, the rate of pressure rise
may detrimentally affect the steadiness and : -ability of
burning, the viscoelastic response of the grain and inhibi-
tors, and the dynamic response of the hardware parts.

The broad task of ignition research is to provide a
sound basis for defining and achieving the design and devel-
opment goals with a minimum of expensive testing. This study
is directed at developing analytical and experimental tech-
niques that can be applied to achieve the above-mentioned
goals and objectives.

Many studies have dealt with a particular fundamental
process taking place during the start of solid propellant
motors or have focused on practical correlations to facili-
tate igniter design. Also, previous models which were
directed at the analysis of the overall starting transient
can be categorized into tw? Qajor groups: (1) lumped chamber-
parameter, or p(t) models,~"° and 21 quasi-steady one-
dimensional flow, or p(x) models.’” 2 The models of the
first group assume uniform pressure and temperature distri-
butions in the combustion chamber port. 1In the models of
the second type, quasi-steady pressure, temperature, and
velocity distributions along the port are supposed at each
instant of time during the transient. The flame spreading
is treated in studies of both groups in various ways: an
experimentally determined function of time;t/7~9 partially
or fully instantaneous;2:13 a linear function of the burning
rate;4 proceeding in a constant average rate;® calculated
from an experimental pressure-time plot;3 or calculated as
a function of the axially varying heat flux to the propellant
surface due to_ changing gas temperaturel4 or boundary layer
development.”+15 The flame gpreading analyses of Most and
Summerfield> and Brown et al are the most advanced studies
among the lumped chamber-parameter models. A reviaw of pre-
vious studies is presented in Chapter II.

Many modern, high~performance solid propellant rocket
motors have high volumetric loading densities and small port-
to-throat area ratios, frequently combined with large length-
to-diameter ratios. Such motors, referred to in this study
as HVT (High Velocity Transient) motors, are characterized by
high internal gas velocities, significant axial pressure and
temperature gradients, pressure overshoots, and relatively
short transient times. The starting transients of the HVT
motors are inaccurately predicted and unsatisfactorily ana-
lyzed by either one of the above-mentioned classes of approach-
es. Figure 1 shows schematically a typical starting transient
of HVT motors compared with that of motors having a high port-
to-throat area ratio.

This study investigates the starting transient of HVT
motors, both analytically and experimentally. Pressure,
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temperature, and velocity variations with time and axial
position in the motor [p(t,x) model] are considered. Inter-
actions between processes, such as the developing flow field,
igniter gas flow, convective heat transfer to the solid pro-
pellant, flame spreading, and erosive burning are taken into
account. A practical igniter-motor combination, utilizing a
head-end pyrogen igniter is analyzed and discussed.

The primary objectives of the research described in this
work, directed at achieving the previously stated tasks, were:

(1) To develop an analytical model for calculation and
prediction of the starting transient of HVT motors;

(2) To design and build a laboratory-size, experimental
HVT motor for diagnostic studies at low port-to-
throat area ratios;

(3) To solve the analytical model for the physical
situation of the experimental motor;

(4) To provide necessary empirical data and to verify
experimentally the theoretical calculations, and

(5) To determine the effect of different igniter, pro-
pellant, and motor parameters on the starting
transient.

As can be seen from the above list of objectives, in
addition to the many practical aspects of this work, atten-
tion is directed at the fundamental processes that are of
broad scientific interest, e.g., unsteady one-dimensional
compressible fluid flows and combustion wave development.

B. The Internal Performance of Solid Propellant Motors With
an Internal-Burning Grain

Other consequences of this work are contributions to
optimization trends in solid propellant rocketry, which are
becoming more important as more reliable, as well as inexpen-
sive, motors are needed for space applications (such as shuttle
boosters and impulsive thrusters) and for sophisticated mis-
siles.

The internal performance of a solid propellant motor with
an internal-burning grain, nj, may be defined as follows:

n. @ Total Impulse Delivered by Motor . Tiot

1 Cross-Sectional Area of Motor -~ A (I-1)




The total impulse, I is given by |

tot’ l
Tiot ® pprvprIsp (1-2) :
i
. where: va is the total available volume of propellant in ;
' the motor, and
Isp is the specific impulse of the p..opellant.

A Volumetric Loading-Density factor, fvl . is defined

£z Volume of Propellant to be Burned - Ver
vl ~ Total Available Volume of Combustion Chamber ~ AmL

(1-3)
Substitutring Egs. (I-2) and (I-3) into Egqg. (I-1l) yields

density specific impulse, pprIg, , which describes the deliv-

ered impulse per unit propellant volume, and is a measure of

. the quality of propellant and chemical-to-kinetic energy con-

t version process. ©a

S e g T B

nj = pprIspfsz (I-4) )
The first two factors in Eqg. (I-4) are the so-called
The last two factors in Eq. (I-4), £ 2L, describe the
amount of propellant loaded per unit cros$é=sectional area of
% the motor and are a measure of the quantity of propellant
L used, for a given motor diameter.
F
H ; This study is concerned mainly with highly-loaded motors,
' i.e., motors having high f_,L-factors. High internal per-~
i formance and efficient moto¥ design require knowledge of the
effect of the f_ ,L-factor on the various ballistic parameters.
The relation betwéen propellant-charge configuration and vari-
ous aspects of the balligtis parameters has been the subject
of many investigations.+t®”

A Soncise description of this study was presented else-
where. 2
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CHAPTCR II

REVIEW OF PREVIOUS STUDILS ON THE STARTING TRANSIENT

A large number of fundamental and applied researches have
been conducted over the past twenty years to define and study
l ' the processes taking place during the ignition of solid pro-

pellant motors and to develop methods for prediction and con-
| trol of the starting transient. Previous empirical tailoring,
experience accumulation and rules-of-thumb are being replaced
: by analytical modeling, systematic tests, and prediction pro-
grams. A comprehensive and orderlg 1§terature review was
presented by Most and Summerfield,’’ who summarized many
previous studies according to approach, aspects of theoreti-
cal model, and experimental features. Detailed data on the
performance characteristics of typical igniter systems along
with design criteria, as well as data on propellant response
and prediction techniques were compiled and published by
: Falkner and Miller.2l 1In the present investigation an attempt
: is made to categorize generally the studies on the -=tarting
i transient, especially those directed at the treatment of the
entire transient, and review briefly representative works.

[

I The studies on the ignition transient of solid propellant
motors may be classified into the following four major cate-
gories:

(1) studies of fundamental processes, such as ignition

g mechanisms of various propellants, chemical reac-

- tions taking place during the ignition, heat trans-
! fer to the condensed phase, flame propagation over
1 . the exposed surface, gas dynamics of the chamber

3 pressurization, unsteady (dynamic) burning, and

s erosive burning of the propellant.

¢

(2) studies of ignition systems, aimed at their optimi-
zation by investigating the combustion properties
of igniter ingredients, gas composition, and per-
formance characteristics, and by formulation of
desired compositions.

(3) studies of the transient of a particular rocket
motor, when a given grain design, specified motor
, size, and/or special firing conditions (e.g.,
“\ extreme temperatures, vacuum, or body force fields)
require precise transient prediction and control.

(4) sStudies of the entire ignition transient, directed
at the calculation of the pressure-time and thrust-
time histories, considering interactions between the
previously described transient processes and simul-
taneous phenomena.

.
|
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Some studies belong to two or more categories. Another .
classification of studies may be made according to the labora- ;
tory-type of energy stimulus, which determines the mode of [
energy transfar to the propellant: shock tube, arc image
furnace, radiation furnace with hot stagnant gas, laser appa-
ratus, pyrotechnic or pyrocen-type igniter, operating in a
real rocket motor, etc. This study belongs to Category (4).

- ey

A. Studies of Fundamental Procersses

Most previous studies of the starting transient belony
to the first, above-mentioned category. Comprehensive criti-
cal reviews of contemporary ignition theories are given in
Refs. 22, 23, and 24. Analytical and experimental studies
of the mechanisms of solid propellant ignition have resulted
in three major ignition models, that are classified as solid
pnase, gas phase, and heterogeneous ignition theories. These
theories differ mainly in the postulated place of the domin-
ant, exothermic, runaway reactions, physical state of reac-
tants, and sequence of processes. Accordingly, different
ignition criteria may be pcesumed. The solid phase iggiggon
theory, analytically established by Frazer and Hicks '
and further developgd at the University of Utah,27-29 and at -
NWC (formerly NOTS) 0,31 assumes, that condensed phase exo-
thermic reactions dominate the runaway process, and neglects
any participation of gas phase species. The gas phase_igni-
tion *heory, developed mainly at Princeton University,32-34
assumes that fuel vapors created from decomposition-gasifica-
tion of the solid fuel diffuse into the hot, oxidizing,
environmental gas and react exothermally near the propellant
gsurface. Ehe heterogeneous ignition theory, developed maig%y
at uTc35/3% ang recently advanged by Bradley and Williams, )38
and by Waldman and Summerfieid39/40 proposes, that the hot
oxidizer gas formed from the decomposition of the ammonium
perchlorate oxidizer reacts exothermally with the fuel in the
condensed phase to provide the controlling reaction. The
chemical reactions, involved in the ignition and gogsug ion
processes, have been treated in a global mann r,2 r 3V, or
in a general scheme, according to the model, 4l or by extensive
investigation of a certain process, sush as the decomposition
of the ammonium perchlorate oxidizer,42-44 and other propel-
lant ingredients. Experimental studies try to determine gas
species composition and concentrations by spectrometry and
mass Spectroscopy.

The process of heat transfer to the solid propellant,
in all its major modes, has received considerable attention,
due to its vital importance to the ignition transient. The
rate of propellant heat-up is a complex function of simultan-
eous heat-transfer proce¢sses, such as convection, radiation,
hypergolic heating. condensation, hot-particle impingement,
and chemical recombinat:.on. Moreover, the unsteady turbulent
flow with chemical rcac:ion over the rough, decomposing pro-
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pellant surface, in a complicated-geometry duct, makes an
appropriate analytical study a formidable task. 1Instead,
current analyses use simplified, semi-empirical heat-transfer
correlatiouns, based on evperimental results. In the follow-
ingy paragraphs, numerous published studies are described
briefly. Some heat transfer phenomena and correlations are
discussed further in Chapter III.

An extensive research program, studying various aspects
of ignition in practical situations has heen conducted at the
United Technology Center since 1962. Pyrogen igniters, both
head-end and aft-end, have been fired into instrumented solid
propellant motors,4> and into a cxlindrical copper duct,
equipped with an exhaust orifice.%6 Heat-flux and flame-
propagation measurements were made in a series of experiments,
which resulted in empirical heat-transfer corre}gt%ons for
both the induction and flame spreading periods.®*°2: 7 These
correlations are based on expressions for fully-developed
turbulent flow, modified for duct-entrance and jet~-impinge-
ment effects. Analytical models for ignition and flame
propagation, taking into account contributions of exothermic
heterogeneous chemical reactions and assuming propellant
surface autoignition temperature also were established.14,45
The theory considers axial variation of the heat flux due to
the drop in gas temperature along the port and increasing
convective fluxes during flame spreading. 2Acreement between
theoretically predicted and experimentally measured ignition
delay times and flame propagation rates were reported. Ex-
tensive data on the effect of heat-flux, pressure leveleg,
and solid-phase composition on the ignition respons? of vari-
ous propellants also have been published by urc.48,49

Carlson, Seader, and Wrubel of Rocketdyne carried out
a thorough study of the heat transfer from pyrogen igniters
to propellant grains of various configurations. First, they
used a simulated igniter-motor combination, in which a hot
nitrogen gas was forced through an instrumented duct.50-52
The duct consisted of thin copper liners (installed in stain-
less steel test sections), and had a nozzle at the att exnd.
Various head-end and aft-end igniter-nozzle configurations
were tested. Later, practical pyrogen igniters were fired
into the instrumented duct and into real propellant charges.53
Measured heat-transfer coefficients were compared with the
classical turbulent pipe flow correlation and plotted versus
nondimensional distance. The results are of particular
interest to this study, since port-to-throat area ratios of
l.1, 2.0, and 3.0 were used. Unfortunately, no analytical
correlations have been deduced by the investigators. However,
their research revealed many of the parameters affecting the
heat transfer to propellant grains, such as, entrance effects,
igniter jet structure, port configuration and port-to-throatc
area ratio.



e s s

PLUSGWEREN -y T P

N Eh

R IR

e *ﬁw@;—;ﬂﬂ"ﬂ o

B XTI

ey

;5
{

Lovine and Fong,54 at Aerojet-General Corp. have also

measured heat fluxes by firing subscale, pyrotechnic igniters
into an instrumented test chamicer. They correlated their
heat-transfer data for the inlet region of the chamber by the
expression for turbulent flov over a flat plate. However, a
space-averaged heat-loss term is used in their gas-dynamics
equations. Later, Micheli and Linfor35 developed separate
expressions for the heat-transfer coefficient for the three
distinct regions of the port . ‘' a real rocket moter, namely,
the impingement, downstream-of-impingement, and u, ~.ream-of-
impingement zones, including a radiation contribution.

The ignition of solid propellants by radiative, convec-
tive, and chemical heating was the subject of many studies
at Arthur D. Little, Inc.2%-39 Convective heatiny was stud-
ied by two methods: (1) in a hot-gas tunnel, by passing com-
bustion gases through a rectangular test section, in which a
propellant sample was held; and (2) in a cylindrical instru-
mented duct, into which practical pyrotechnic and pyrogen
igniters were fired. Heat-flux measurements were interpreted
in terms of developing turbulent Ilow correlations, assuming
steady-state flow of the igniter cas. &n simple two-layer
film model, which accounts for the combined effect of all
non-radiative heat-transfer modes, was ‘ntroduced. FEffects
of gas velocity and port configuration were qualitatively
studied by Bastress and Niessen.>5? They observed a marked
increase in ignition times 23 the flow velocity is increased
from Mach number 0.29 to 0.46. For long propellant samples
first ignition was observed downstream from the sample lead-
ing edge. From the accumulated data Bastress and Niessen
concluded that ignition behavior is sensitive to the local
concentration of species evolved from upstream portions of
the sample.

Intensive studies on radiative and ~onvective ignition
of solid propellants have been carried out at Princeton Uni-
versity. McAlevy3? and Kashiwagi et al®C studied the igni-
tion of specimens of a solid fuel or propellant exposed to
a hot, high-pressure stagnant oxidizing gas in a shock-tube.
Their findinys support the gas-~phase ignition theory, and can
be used as input to an applied ignition theory suitable for
analyzing practical motors ignited by hot non-oxidizing high-
velocity gases. The heat flux in an experimental rocket
motor usinga hot-wire, _or_gaseous pyrogen igniter was measur-
ed by Parker and Most.3/15,61,62 A" coryelation of the type
Nux = ajRey®:# was deduced from two measurement positions,
large scatter of data, and several ad-hoc assumptions, such
as, average constant driving temperature difference and a
leading edge parameter based on a difficult-to-define duct

leading edge. Both investigators report, however, good agree-

ment ketween measured and predicted (with the above-mentioned
correlation) flame spreading rates.

W
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Extensive and systematic studies of AP-propellant igni-
tion processes, by radiative heating in a radiation furnace,
and convective heating in a shock-tube test section, hgye
been conducted at the University of Utah. Baer, et al »28
measured convective heat fluxes and ignition times of propel-
lant samples, mounted in the wall of a test section at the
end of a shock tube. They found that ignition time depends
primarily on propellant composition and heat flux, when air
or nitrogen was used as the test gas. 1In this case, the
dependence of ignition time on heat flux was correlated ac-
cording to the solid-phase thermal ignition theory. When
the propellant was heated by oxygen, & significant reduction
in ignition delay, attributed to exothermic reaction between
the 8§yg$n and the fuel, was observed. Keller, Baer, and
Ryan®-/ in a systematic experimental study, investigated
the effect of gas velocity on_ignition, discovered previously
by McCune?? and Kling et al.bs High-pressure (14 to 25 atm),
high-temperature (1000-2600°K) gas behind the reflected shock
wave in a shock-tube end was passed through a constant-area
rectangular test section. The propellant samples were mount-
ed flush with one of the test-section walls, and the test-gas
velocity was controlled by critical-flow orifices at the down-
stream end of the section. Test-section Mach number was
varied over the range of 0.07 to approximately 1.0. In gen-
eral, the effect of higher gas velocities was to decrease
the time to igniticn for the same heat flux. This effect
was found to decrease at very high velocities. Keller, Baer,
and Ryan discovered an interesting effect of the propellant-
surface condition, i.e., for the same heat flux at the sur-~-
face, reduced ignition times were observed, when propellant
surface was rougher, and gas velocity was lower. For pro-
pellants with a smooth surface, the effect of gas velocity
on ignition was much diminished. For propellants with a
rcugh surface, the effect of gas velocity was substantial
only for gas velocities under Mach 0.5. It was postulated,
that the improved ignitability of propellants with rough
surfaces is produced by supplementary secondacy ignition
reactions among propellant decomposition products, that are
generated at the surface by increased heating of surface ir-

regularities. If the velocity of the heating gas is increased,

the decomposition products are swept into the heating gas
before reacting. It is unfortunate, that pressure effects
were not considered in their study and no experiments were
carried out at high velocities and heat fluxes, and low pres-
sures, pertinent to HVT motors. In later studies by Richard-
son, Ryan, and Baer,66:67 the surface roughness effect was
not cbserved at lower heat fluxes (2 to 30 cal/cm2-sec) and
lower test-gas temperatures and pressures (760 to 1300°C, 2.9
to 7.7 atm, Mach Number from 0.05 to 0.3). Also, the obser-
vation of Bastress and Niessen®9 that the first evidence of
ignition occurred at some distance from the leading edge was
not confirmed, under these test conditions. The effect of
test-gas temperature was also studied. Convective heat fluxes
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! were measured in many studies at the University of Utah27'63’
66-68 and the heat-transfer coefficient was correlated in the
form hc = const x T70.3GM, The power m of the mass velocity
G was reported to have values ranging from 0.68 to 1.06, in-
dicating, that in some experiments transition flow may have
: existed over the propellant sample. The values of the con-
stant and the power m were found to depend upon the nature
of hot gas used in the tests. It should be noted, that un-
steadiness of the convective heat transfer during tests under
constant flow conditions (7.7 atm pressure, Mach Number of
. 0.08, gas temperatures of 760 and 1000°C) was reported by
Baer and Ryan.®7 This unsteadiness, which was not observed
with different measuring techniques and at higher gas temper-
atures, was attributed to nonuniform flow in the test section.
In another study of the effect of propellant surface rough- g
ness®9 propellant samples with surface imperfections as large
as 30 microns were subjected to convective heating in a shock
tube and the heating was stopped before ignition. These
same samples were then immediately subjected to ignition
tests. The r.sults did not show agreement with the hypothe-
sis that surface roughness causes early ignition, but no
definite conclusion has been drawn.
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An investigation of the effect of environmental gases
and pressure on the ignition of 4 solid rocket propellant
and ingredients was conducted by Hightower.’0 The propellant
samples were ignited in an arc-image furnace by radiant energy
fluxes over the range of 6.5 to 120 cal/cm2-sec. Environmen-
tal gases used were air, oxygen, nitrogen, methane, and
helium. The tests were carried out at pressures of 15, 45
and 100 psia. At the higher energy fluxes the ignition time
was found to be dependent on the environmental pressure with
ignition times increasing when decreasing pressure. The
shortest ignition times were obtained with pure oxygen as the
environmental gas. Hightower conc.uded that, under the ex-
perimental conditions of his investigation, exothermic gas
phase reactions occurring in a zone immediately adjacent to
the propellant surface play a role of major importance in the
ignition of AP composite propellants by high intensity ther-
mal radiation.
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The rate of flame spreading over the exposed propellant
surface is a necessary element for any analysis of the start-
ing transient. Flame spreading is a complicated process,
coupling igniter behavior, port geometry, propellant respense,
unsteady combustion, and chamber gas dynamics. It has been
studied both experimentally and analytically, coupled, or un- :
coupled with other processes.
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A comprehensive theoretical model of_ flame propagation
along a smooth port was developed at UTC.14,/45 This model i
takes into account all major possible modes of heat transfer i
to the propellant (i.e., conduction, convection, radiation,
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and heterogeneous exothermic reactions), and considers tem-
poral and axial variations of the gas temperature and heat
transfer. During the flame spreading the convective heat-
transfer coefficient is enhanced by an experimentally-deter-
mined function of the igniter and burning prvgellant mass
flow rates, hg = he,i [(m + pprrAb)/ml , where h

is the heat- transfer cgefflglent for 1gnlger operation aiéne,
correlated for developing45 or developedl4 turbulent flow.
The flame spreading process is determined by calculating the
time to reach a critical surface temperature for ignition

for positions along the longitudinal axis. Besides use of
empirical factors to account for the enhancement of the heat-
transfer coefficient, this model does not consider coupling
to the transient gas dynamics of the chamber. 1Instead,
neither temporal nor spatial variation of the chamber temper-
ature were considered, and only temporal change of pressure
was assumed. Fair to good agrecrment between calculated and
measured (by the trip-wire technigue) flame spreading rates
was reported.45 In another study at urc,’l under the un-
realistic assumptions of no axial variation of the heat-trans-
fer coefficient and progellant surface temperature, a scaling
law of the form rp v q dp/St (where is the flame
spreading rate, qy is the heat flux to ghe propellant, St
is Stanton Number, and dp is the diameter of a cylindrical
port) was derived.

DeSnto and Friedman2’72 developed in 1964 a model for
flame spreading, which assumes an isothermal one-dimensional
gas flow in the chamber, spatially uniform pressure and mass
generation due to the grain burning only. The initial con-
diticns in their analysis include instantaneous ignition of
part of the grain, uniform pressure and temperature in the
gas phase, a uniformly distributed temperature in the unig-
nited portion of the propellant surface, and an axially
varying velocity distribution. Pressure varies with timeo
only; velocity varies with time and axial distance. The
analysis was used also for calculation of the chamber-filling
period. No comparisons with experiments were reported. In
view of the many unrealistic assumptions, the practical appli-
cation of this analysis is doubtful.

Paul, Lovine, and Fong,13 of Aerojet-General Corp., pre-
sented an analysis in 1964, in which the area subjected to
direct igniter jet impingement is assumed to be ignited
instantaneously. The heat transfer downstream of the impinge-
ment zone is taken as being independent of axial distance,
the gas temperature is assumed to be constant with respect
to time and space, and only the temporal variations of the
uniform chamber pressure and heat flux are considered. Adopt-
ing the critical-temperature ignition criterion, this analy-
sis predicts the time to instantaneous flame spreading down-
stream. However, in practice, instantaneous flame spreading
is generally not observed. The flamc spreading in the stagnant
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region upstream of the igniter jet impingement zone is cal-
culated by a simplified analysis, assuming temporal and

axial variation of the convective lieat transfer and consider-
ing .adiation from a cloud and heat conduction, as well.

Considerable research on the flame spreading and chamber
filling processes has been conducted at P~inceton Unlver51t¥
A model, established by Parker, Sunmerfieid, et al, 1,73-75
is based on the so-called dynamic temperature, well -stirred
analysis. This analysis assumes uniform chamber pressure
and temperature, both changing with time. The first methcd
of using the analysis uses a given experimental pressure
variation and an assumed initial temperature. A systen of
two ordinary differential equations for the time variation
of pressure and temperature is solved numerically to yield
the flame-spreading rate. 1In a second method of using the
analysis, initial conditions of burning area, chamber tem-
perature and propellant surface temperature are assumed.

In addition, an experimentally determined heat-transfer cor-
relation and a critical temperature for ignition are used.
The method solves the pressure and temperature variation
equations and the heat equation for the solid phase to yield
the chamber pressure history and flame spreading rate. Con-
ditions of gasless igniter are assumed in Parker's analysis.
The aforementioned assumptions of initial conditions make
the use of this analysis for prediction of the flame spread—
ing and pressure transient rather inconvenient. Pgrker S
analy51s was modified by Most, Summerfield, et al.>,15,76-78
Most's analysis includes the igniter operation until an earlvy
stage of the flame spreading (rather unrealistic assumption),
and calculates the flame spreading rate Ly solving the solid

phase heat-up equation, coupled to the gas-dynamics equations.

The heat flux is both time- «nd distance-dependent. However,
the driving temperature difference is assumed to be constant
in both time and distance. The ignition criterion used in
Most's study was also that of a critical surface ignition
temperature.

The flame spreading over the surface of double base
propellants and propellant 1ngred1en*8 §8 a quiescent atmos-
phere was studied by McAlevy, et al. It was found ex-~
perimentally that flame-spreading velocity varies directly
with pressure (between 0.1 and 1 atm), oxygen fraction of
environmental atmosphere, and surface roughness. The flame
spreading was presented ar a continuous gas-phase ignition
process and the analytical model derived was verified exper-
imentally for smooth surfaces. For rough-surfaced samples,
photographic evidence of random ignition sites, ahead of the
flame front, was obtained.

81-83

Mitchell and Ryan conducted flame spreading experi-

ments with a rarefaction-tube apparatus, under conditions of
constant pressure and velocity using a relatively cool gas
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flowing over the propellant-sample surface. The T-~shaped
propellant sample was positioned near the nozzle-end of the
tube and flame spreading was observed by means of high-speed
photography. In their analysis, the effects of pressure and
velocity, both enhancing the flame spreading rate, are isola-
ted. The effect of pressure was found to be greater than the
effect of velocity for a given fractional change.

In other studies, as mentioned in the Introdu~tinn, the
flame spreading rate is based on very unrealistic assumptions,
such as having an average conitant value,6 or being a linear
function of the burning rate. In some investigations, flame
spreadin% rates are scaled from experimental data for similar
systems.

Recent studies on the response of snlid propella~* harn-
ing to pressure changes have shown that during rapid pressure
excursions (pressurization or devressurization) the instantan-
eous burning rate differs from the steady-sta*~ ‘ralues, cor-
responding to the instantaneous values of pressure. During
the pressurization process in the scarting transient, dynamic
burning rates higher than the steady-state may be encountered
due to unsteady thermal profile in the solid phase. Early
:nvestigations of the effect of pressure transients on the
burning rate resulted in Von Elbe's model and formula for the
dynamic burning rate.84/85 This model and formula were sub-
sequently modified and used by Paul, Lovine and Fong86 at
Aerojet and others. Detailed models of the combustion wave
for calculation of the dynamic burning rate response were
developed by Merkle, Turk, and Summerfield,8 by Krier, T'ien,
Sirignano, and Summerfield (KTSS modgl),.88 by Denison wnd
Daum,89 by McClure, Hart, and Bird,9 etc. A critical class-
ification and review of the various analyses was presented
by Culick.9l Recently, an agproach, established by Zeldovich
and extended by Novozhilov,92-94 was successfully applied at
Princeton University by Summerfield, Caveny, Battista, et a195-

for calculating extinction boundaries, and transient inter-
nal ballistics. In this latter method, experimental steady-
state burning rate data [r(p,Tpi)] over a wide range of
initial (ambient) temperatures 1s needed”?r instead of a
detailed flame structure. It has been shown86,96,97 that
the dynamic burning causes pressure overshoots during igni-
tion.

Another aspect of dynamic burning is the burning of pre-
heated propellant lagers during the flame spreading and cham-
ber filling periods.®l,76 This is especially pronounced
after long induction (heat-up-to-ignition) periods and may
cause greatly increased instantaneous burning rates and sub-
sequent pressure overshoots.

Erosive burning is a phenomenon frequently encountered
in HVT motors. This process of burning rate increase, due to
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the flow of combustion gases over the propellant surface, is
most pronounced during the chamber filling period. Like the
flame-spreading rate, quantitative knowledge of the erosive
burning is necessary for the prediction and control of the
starting transient. Therefore, numerous studies have been
conducted on the subject, and many empirical and cemiempiri-
cal correlations were developed in attempts to accurately
account for erosive burning. Unfortunately, a totally-
successful and general model of erosive burning has yet to
be developed. An extensive research program on erosive burn-
ing was carrled fut at Purdue University by Zucrow, Osborn
and Murphy.? A comprehensive review of previous inves-
tigations and laboratory methods was 8£epared by Murphy,101
and by Williams, Barrere, and Huang. The general conclu-
sions drawn from the experimental studies are: (1) slow-
burning propellants are m8§e1850584t0 erosive burning than
fast-burning propellants; (2) there is a threshold
velocity (or mass velocity) for erosion, which may be pres-
sure-dependent and_is more pronounced for the faster burning
propellants'lo4'lo é;) Sraln configuration affects the
erosive burning; ;102,1 108 (4) at relatively high pressures
(100 atm) the type of propellant binder and the binder-to-
oxidizer ratio have little effect on the erosive burning,
but at medium and low_pressures (50 and 20 atm) the effect of
binder type is large;105,109 and (5) addition of aluminum
has only a slight effect on the erosive burning sensitivity
gfopfigellants based on polyurethane and UTREZ binders.108,

4

Among the analytical approaches,lOl’llz-115 that of

Lenoir and Robillardll2? ig the most Wi§91¥ accepted and
experimentally confirmed.l12,105-107,111,116 fhe theory of
Lenoir and Robillard postulates that the erosive-burning
increment of the burning rate is proportional to the coeffi-
cient of convective heat transfer from the core of flowing
combustion gas to the propellant burning surface. The latter
is attenuated by the blowing from the burning surface accord-
ing to_an exponential law, derived from the data of Mickley,
et alll’ and Rubesin, et al,l18 and thus the total burning
rate law takes the form r = apl + kh, exp(- Brppr/up), where
k 1is the proportionality coefficient evaluated analytlcally
and B8 1is an experimentally determined constant. Lenoir and
Robillard used the Chilton-Colburn correlation for the heat-
transfer coefficient, valid for turbulent flow over a flat

plate. Lawrence, et al used successfully Lenoir-Robillard's

law with a turbulent pipe-flow heat-transfer correlation for
grain length to port diameter ratios of up to 50.
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B. Studies of Ignition Systems

Many studies on the igniter hardware and characteriza-
tion of igniter materials for the initiation and energy re-
lease systems have been conducted in the induscrial and
governmental laboratories. Ignition systems fall into one
of the three general types: pyrotechnic, pyrogen, and
hypergolic. Each type has its own features and way of devel-
opment. All three categories of systems, as well as multiple-
ignition systems for use with restartable or pulse solid-
propellant motors, are the subject of past and present exten-
sive activity. A comprehensive review of the work, done by
the major agencies, engaged in research and development of
ignition systemf prior to 1956, was reported in a concise
form by Korpi.l 9 Up to 1956, a great deal of practical work
on development and performance of pyrotechnic systems, and
formulation of igniter materials, such as nietal-oxidizer
compositions, was done in Aerojet,120 Thiokol, Alleghany
Ballistics Laboratory (ABL), Picatinny Arsenal, Ballistic
Research Laboratory (BRL), Jet Propulsion Laboratory (JPL),
Naval Ordnance Laboratory (NOL), Naval Ordnance Test Station
(NOTS) , University of Michigan, University of Utah, etc. 1In
the past fifteen years much development work has been con-
ducted by the Bermite Powder Co. (BPC).

A monograph on_solid-propellant rocket igniters recently
published by NASa,121 presents accumulated experience and
knowledge in an organized concise form for effective use in
design. A highly recommended igniter-design handbook 122
which compiles experience gained and practical information,
was prepared by Bermite Powder Co. (BPC).

Many studies have tried to determine the minimum igniter
energy, required for propellant ignition, which, in turn,
determines the igniter system characteristics. In the Bureau
of Mines, ignition energy values frim 2 58 15 cal/cm? for
double base propellants were found. 19,1 Studies at BPC
and NOL have resulted in empirical relationships between
motor configuration parameters, propellant ignitability, type
of igniter material used and energy required for satisfactory
ignition.”%s121 aAs pointed out by several investigators (e.qg.,
Refs. 5, 23-27, 63, 64, 66~69), the ignition limit is estab-
lished by the rate of ignition energy supplied, rather than
by the total energy only. Other studies on igniter sizing
are based on attaining a given necessary-for-ignition pressure
in the motor port.

Studies of the energy transfer supplied by the igniter
gases by convection and radiation (the latter 1 very pro-
nounced for usual pyrotechnic compositions) were conducted
by firing the igniters, both pyrotechnic and pyrogen-type of
different charge weight, into_instrumented ducts that simu-
late solid-propellant motors.1235,126

LA

s ‘
SN 4 "“f';'b‘ e

~ - - L% e A [ . i, < ok 0.5 v 4"'['.‘ i
ST e, I ..T#-‘mf*:‘~ &.‘?. AR ) A

s




B e %

oy kb HIRMETA AN RS RNEES Reteger -

EERF

i

TS

-1l6-

A brief listing of igniter material considerations and
applications, as developed at BPC, was recently presented by
Robertson.127 Hypergolic ignition systems, applying a hyper-
golic reagent (usually liquid chlorine trifluoride) to the
propellant surface were developed mainly at uTc.128,129
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C. Studies on the Transient of Particular Motors

The effects of motor and igniter configuration, igniter
placement, and initial conditions on many processes taking
place during the ignition transient, make special studies of
particular cases inevitable. For instance, a specific grain
design may cause the flow pattern of the igniter and propel-
lant combustion gases to produce transients differing signif-
icantly from those obtained using a grain with a cylindrical
port of the same cross-sectional area. Studyl30 in which
pyrogen igniters were fired into instrumented star-shaped
port has shown that the heat flux at the star inner diameter
is about 3 times higher than that at the outer diameter.
Many transient prediction and design programs were developed
for specific grain design and motor configuration. This is
why every correlation model and analysis has to be checked
for its domain of applicability, before being applied to a
given situation (see p. 18 in Ref. 5).

The development of the Algol III solid-propellant
motorll6é for example, was influenced by the configuration
dependence of the erosive burning, which affects the starting
transizat. Inhibiting part of the exposed propellant surface,
in this case, has brought the starting transient into an
acceptable range. Conditions of spin and altitude have

formance and the transient of many rocket

affectei Ehf ger
motors.+131-13 For the same igniter mass flow rate, motor

spin shortens the transient and increases considerably the

pressure level. The existence of a nozzle plug or diaphragm

changes the entire pattern of flow in the chamber and heat

transfer to_the propellant, affecting largely the pressure-

time curve.? High longitudinal motor acceleration may affect
considerably the transient motor internal ballistics by reduc-

ing the pressure drop along the port as well as the fore-end
pressure.lo These are just a few examples to show the effects

of particular conditions, which make the general application ;
of an even comprehensive analysis a difficult problem. )

D. Studies on the Entire Ignition Transient

As mentioned in the Introduction, previous studies on :
the entire starting transient may be divided into two major ,
classes: (1) the lumped chamber-parameter models, known also ;
as the homogeneous models, and (2) the quasi-steady, one- ;
dimensional flow models. The major difference between the two '
groups lies in the assumptions under which the analytical model
of the chamber gas dynamics is formulated.
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The analysis of Adamsl’135 presented in 1966 is typical
of the early studies of the first aforementioned group. The
gas temperature in the chamber is assumed to be uniform space-
wise and constant timewise (the so-called "isothermal analy-
sis"). The pressure transient is calculated from the mass
conservation equation for the motor chamber, assuming uniform
pressure, and caking into account the igniter mass inflow
rate. Flame-spreading rates are presumed to be a prescribed
function of time (usually a linear function) and ignition
times are also provided. Erosive burning effect is accounted
for in the analysis by taking it as a function of an average
value of the Mach number along the port axis. Burning rate
correction for pressurization rate is included. Experimental
values of c¢* are used to account for heat transfer to the
propeilant. Reasonable agreement between calculated and
experimental pressure-time histories is reported and it is
claimed that ignition peaks are caused primarily by erosive
burning. All assumptions in this analysis are inadequate for
HVT motors. Mainly, the assumptions of uniform pressure and
constant chamber temperature and the concept of an average
Mach number are unsatisfactory.

Another isothermal analysis was presented by DeSoto and
Friedman2:72 in 1964. 1In their analysis, however, the flame
spreading rate is calculated by consideration of spatial, as
well as, temporal variation of the gas velocity and heat
transfer to the propellant, and the use of the critical sur-
face-temperature concept as ignition criterion. Thus a con-
tradiction between the isothermal assumption, and the varying
heat transfer is created. No igniter mass flow rate is con-
sidered and no comparison between calculated and experimental
pressure transients is reported.

Sharn, et al136 (1964) carried out an experimental and
analytical study of the ignition transient by firing a pyro-
gen igniter into a small motor. The ignition time is calcu-
lated using experimental data and the concept of critical
surface temperature for igniticn. An isothermal analysis,
combined with an instantaneous flame spreading is used for
the calculation of the pressure transient. A single compar-
ison with an experimental pressure-time history shows good
agreement during the first portion of the transient and a
poor agreement during the later part.

An isothermal analysis of the starting transient was
developed by Brown, et a1l4,45 at uTC. The analysis uses
time-dependent burning surface area which is determined from
a flame-spreading model. The latter considers axial varia-
tion of the gas temperature and heat flux to the propellant.

A further development of the lumped chamber-parameter
models was the use of uniform but timewise changing chamber
gas temperature (the so-called "dynamic temperature analysis").
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This is performed by combining the mass and energy conserva-
tion equations for the gas in the combustion chamber. The
"dynamic temperature analysis" was dgveloped largely at UTC?
starting with the analysis of Bakerl37 in 1962. However, no
attempt to couple the more-complicated chamber gas dynamics
to a calculation of the flame spreading rate was reported.
Instead, experimentally obtained time to first ignition and
flame spreading rates or a specified burning surface area as
a function of time were used.l37 The analysis of Baker con-
siders the regimes of both choked and unchoked motor nozzle.
It can also be used to calculate flame spreading rates for

a given chamber pressure transient. Baker emphasized the
error introduced by assuming constant stagnation temperature
in the motor. He used his analysis to predict the starting
pressure transient of a slotted-grain motor and reports good
comparison with measured transients.

Bradley4 published in 1964 a dynamic temperature analy-
sis which assumes a homogeneous, adiabatic system. This was
the first analysis to predict the effect of various igniter
and motor parameters, e.g., burning rate pressure exponents
of the igniter and propellant, igniter flame temperature,
igniter-to-propellant mass flow ratio and the initial pres-
sure and temperature in the motor. A general igniter form
function was used to show the effect of varying igniter mass
flow rate on the transient. Assuming a linear relationship
between the flame spreading rate and the burning rate,
Bradley showed the importance of flame spreading in the
pressurization process. In particular, he pointed out the
large effect of the fraction of propellant surface initially
ignited. ’

Lovine and Fong54 used a dynamic temperature analysis
fcr the chamber filling period only, combined with expressions
for unsteady burning rate and unsteady nozzle flow. The in-
duction interval was treated by evaluating average values of
igniter-induced heat flux and port pressurization and by using
experimental pressure-heat flux-ignition time data. The
flame-spreading interval was not treated in Ref. 54. In an
earlier section it is mentioned that in another report13 Paul,
Lovine and Fong consider an instantaneous flame spreading.

The pressure transient Tn?%ysis established at Princeton
by Parker and Summgrf§e1d3:6 +73" and later modified by Most,
Summerfield, et al®’12:76,78 can be considered as the more
comprehensive of homogeneous models. Parker's analysis, con-
sidering only the flame spreading and chamber filling inter-
vals is described earlier in this Chapter. Since Most's work
was the precursor of this study it deserves more description
and attention. Most's analysis calculates the entire ignition
transient. The three major assumptions on which his model is
based are: (1) wuniform pressure in the chamber (Vp = 0);

(2) uniform gas temperature in the port (VT = 0), and (3)
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kinetic energy of the combustion gases is negligible, com-
pared with their thermal energy (u2 << cpT). All three
assumptions are inappropriate for HVT motors (having low
port-to-throat area ratio). Assumption (2) was found to be
unrealistic by many investigators, including Most, even for
motor with large A /A due to the high heat-transfer rate

in the port, causeg by large temperature difference. Most
accounts approximately for this by using a lower constant
igniter gas temperature, determined experimentally. 1In

Most's analysis the two nonlinear ordinary differential equa-
tions for the chamber pressure and temperature are coupled

to the flame spreading process through the instantaneous burn-
ing area. The latter is calculated from the solid phase heat-
up equation, using an experimentally determined heat-transfer
coefficient, and the critical ignition temperature, as the
ignition criterion. The theoretical model was tested exper-
imentally over a wide range of parameters. Good agreement
between the calculated and measured pressure transients is
reported.

Most15 reported that Falkner and Kilgroe of CETEC
Corp.138 had used his model with reasonable success, utiliz-
ing heat-transfer correlations of the form developed by
Kilgroe.

Motors with high volumetric loading density and low port-
to-throat area ratio Tave been analyzed by the one-dimensional
quasi-steady models.ll/12 In these models, a series of con-
trol volume increments is assumed along the port axis, and
one-dimensional (steady-state flow) conservation equations
are written for the increment (the so-called "incremental
analysis"). Variations of the port area, burning surface and
burning rate along the port are taken into account.

The usual calculation technique7 9,139 in the quasi-
steady models starts with an approximation of the fore-end
pressure from the steady-state formula for equi.ibrium pres-
sure. Then, the steady--state continuity and momentum equa-
tions are iterated for each increment using the perfect gas
law and the steady-state energy equation to yield the flow
parameters at the exit plane of the increment. Nozzle en-
trance stagnation pressure predicted by this method is com-
pared with that necessary for passing the calculated total
mass flow rate through a given nozzle-throat area. The iter-
ation procedure repeats until the two stagnation-pressure
values converge. This calculation is repeated for each time
step in the transient. All calculations are organized in
computer programs, the descriptions of which are given in the
aforementioned references. No coupled calculation of the
flame spreading rate has been given by any of the reported
analyses. The flame spreading is required as a prescribed
input to the computer calculations. The inductior. interval
is not treateu. The computer program in Ref. 8 can calculate
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ignition-delay times if the spatial and temporal distribu-
tion of the heat flux created by the igniter is specified.

No detailed comparison of calculated and experimental pressure
transient histories is reported. By their character, the
quasi-steady models attribute pressure peaks during ignition
only to erosive burning and mass acceleration losses along

the port; for they contain no provision to account for the
dynamic effects which may be prominent in EVT motors.

In Ref. 10 an attempt is made to account for unsteady
gas dynamics in the port. The analysis was aimed at the pre-~
diction of the starting transient of the HIBEX motor, charac-~
terized by high axial acceleration forces and use of fast
burning propellant. Unsteady mass and momentum conservation
equations with spacewise variation of pressure, temperature
and velocity, combined with the perfect gas law, are derived
in the incremental analysis. However, in the solution by
finite-difference methods, the timewise derivatives of tem-
perature and velocity are neglected and use is made of the
quasi-steady energy conservation equation. Good agreement
between calculated overall fore-end pressure-time plot and
three experimentally measured pressure histories is presented,
but there is no detailed comparison of the starting transient

vart of the plots.
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CHAPTER III

ANALYSIS OF THE STARTING TRANSIENT OF HVT MOTORS

A. Description of the Physical Model

The analytical model is established for the general
class of HVT motors and is solved for the physical situation
corresponding to the experimental rocket motor designed and
built (as part of the study) to provide detail :d information
on the ignition events and to test the validity of the ana-
lytical model.

The physical situation, analyzed and solved by the model,
considers a rectangular window motor, which consists of an
entrance section, a projyellant section and an aft section, as
described in Fig. 2. Two opposing propellant slabs (2.54 cm
wide, 0.635 or 9.318 cm thick, and 49.5 cm long), cast into
trays, are positioned in the propellant section. The initial
cross-sectional dimensions of the rectangular port (z.54 cm
wide and 0.635 cm high), as shown in Fig. 3, are uniform
along the entire motor. The ignition stimulus is provided
by a fore-end, gaseocus, pyrogen-type igniter, which discharges
the ignition gases into the entrance section through a cen-
trally located axial sonic nozzle. A rectangular replaceable
nozzle, having a short convergent part and a well-cdefined
throat, is attached to the motor aft-end. A detailed descrip-
tion of the experimental facility is given in Chapter V.

The first phase of the starting transient is the induc-
tion interval (ignition lag), which ends with the appearance
of the first flame on the propellant surface. The delay
associated with the processes in the igniter depends upon the
yarticular ignition syster. and is therefore excluded from the
general analysis. The beginning of the transient is deter-
mined to be the onset of igniter discharge, defined as the
start of pressure rise in the igniter chamber. A flow pattern
with pressurc, temperature, and velocity distributions devel-
ops in the motor port at the igniter onset. Subsonic flow of
the igniter gas with wall friction and heat transfer to the
propellant and non-propellant port walls at low pressure (usu-
ally between 1 and 3 atm for the low port-to-throat area
ratios under investigation) is established in the chamber.
Therefore, the motor nozzle may be either choked or unchoked.
The heat flux to the propellant surface creates an unsteady
temperature profile in the solid phase with constantly in-
creasing surface temperature.

The second phase of the transient is the flame spreading
period which starts at first ignition and ends when the entire
initially exposed propellant surface is ignited. The ignition
criterion adopted in this study is that a point on the propei-
lant surface ignites when it attains some critical ignition
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(or autoignition) temperature,3 177 denoted here by Tp ig

at which rapid runaway reactions leading to 1gn1t10n ta
place. This ignition criterion is frequently used and leads
ts Tesults which are often 1nd1st1naulshable fgowsthose ob-
tained using other criteria. Many studies? have

shown that (under most conditions of motor ignition and for
many propellants) T to a gocd appreximation is an in-
variant quantity. gt should be noted, hcwever, that for
certain propellants it may be pressure-dependent. Thus the
process of flame spreading along the propellant surface is
described by the model of successive igritions.2:3,15 Once
started, the flame spreading is accelerated by the increased
heat flux, due to the rapidly i.creasing mass flow originat-
ing from the already ignited propellant surface. The transi-
tion from unchoked to choked flow in the port is considered
in the analysis. Rapid chember pressurization usually begins
with the initiation of fast flame spreading.

The third and last phase of the starting transient is
the chamber filling period, which follows the completion of
flame spreading. Severe erosive burning may take place dur-
ing this period and thereafter, due to the high gas velocities
in the chamber. Thus, the maximum press re, attained in the
chamber, may be much higher than the desired equilibrium pres-
sure. Significant pressure and temperature drops, as well as
velocity increases, are established along the port. Follow-
ing the pressure peak, a quasi-stea'y situation develops and
the head-end pressure decreases toward an equilibrium value,
primarily due to diminishing erosive burning, as the po:rt
area increases.

B. Basic Assumptions

The folilowing basic assumptions are used in the analyti-
cal model:

(1) All chemical reactions nc~cur on the prorellant sur-
face in a combustion zone, which is so thin that it
can be considered as a plane. The combustion prod-
ucts enter the main stream in the port with zero

momentum.

(2) The gases flowing in the port obey the perfect gas
law.

(3) Rate processes at the propellaant surface are quasi-
steady in the sense that their characteristic times
are short, compared with the characteristic time of
the pressure transient.

(4) The propellant combustion products and the pyrogen
igniter gas have the same values of cp, W and .
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(5) The flow in the chamber port is one-dimensional,
with the fluid pressure, temperature, and velocity
varying both with time and axial distance.

Assumption (1) is based upon many theoretical and exper-
imental studies on the combustion mechanisms of composite
propellants,41,95,140 and is widely used by the investiga-
tors. > 141 A careful examination of this assumption is
necessary, however, when this analysis is applied to double
base and highly-metallized solid propellants.

Assumption (2) is well acceptable for the usual range of
high gas temperatures and nmoderate pressures in solid propel-
lant rocket motors.

Assumption (3) is justified for the follcwing reasons.
From Ref. 95 the characteristic time for surface reactions is
Tg & RyTpstpr/E rZ2. For typical values of composite propel-
lant propergiesa5 and burning rate varying from 0.3 to 0.6
cm/sec at 20 atm, Ttg varies from 0.0005 to 0.002 sec, which
is much lower than the smallest pressurization time observed
in this study.

Assumption (4) may not be needed, if the pyrogen igniter
burns a solid propellant charge of the same composition as
the propellant in the main motor. It has been proved by the
solution of the analytical model that the effects of slightly
different ¢,, W and Yy on the gas parameter distribution
in the chamber are negligible during the induction interval,
when they are most pronounced. The difference in temperature
between the igniter gas and the propellant combustion gases
is accounted for in the analysis, assuming instantaneous
mixing with no chemical reactions.

Assumption (5) is a good approximation to the real situ-
ation in view of the highly turbulent flows encountered in
HVT motors. Consideration of two-dimensional or three-dimen-
sional phenomena, in addition to the variation with time,
which exist to some extent in practical motor configurations,
would make the solution of tle problem very difficult to
achieve with the existing mathematical tools. Willoughbyl42
has modified a comguter program, recently published by Patan-
kar and Spalding14 for a two-dimensional model of flow based
on a turbuleat compressible poundary-layer theory, to calcu-
late quasi-steady pressure drop along the solid propellant
motor. He found a remarkable agreement between the pressure
distribution calculated by Patankar's program and that calcu-
lated by a simple one-dimensional model.

Multi-dimensionality affects mainly particular processes
such as the heat transfer to the surface, skin friction and
erosive burning. Changes of flow properties across the bound-
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ary layer are considered in the expressions for heat transfer
and friction coefficient used in this analysis. The assump-

tion of one~dimensicnal flow is consistent with the data re-

duction methods used to obtain these correlations.

C. Description of the Analytical Model

A control volume element is established in the motor
port, as shown in Fig. 4. The mathematical formulation of
the approach to the above descrited problem consists of the
following:

(a) Mass, momentum, and energy conservation equations
in unsteady, quasi-one-dimensional form for the gas
phase;

(b) Equation of state for the gas flowing in the motor;

(c) Proper initial conditions at the start of the
transient (onset of igniter flow);

(d) Two bouncdary conditions at the fore-end of the pro-
pellant section, obtained from a pair of ordinary
differential equations, which describe the rate of
change of pressure and temperature in the entrance
section;

(e) A third boundary condition, which describes the gas
velocity at the entrance to the motor nozzle, for
either choked, or unchoked flow;

(f) Semi-empirical correlations for the convective heat-
transfer and friction coefficients for the highly
turbulent flow in the port;

(g) Burning rate 'aw for the solid propellant, includ-
ing the effects of initial temperature, pressure,
and velocity (erosive burning), and

(h) A solid-phase heatup equation for determination of
the propellant surface temperature during the in-
duction interval, coupled to an ignition criterion
for the solid propellant.
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l. Conservation Equations for the Gas Phase

The mass conservation equation for the control
volume in Fig. 4, written for a unit volume, is

dA
9p + 3 (pu) + pu P
at ax A 0Xx

p

RATE OF MASS SPATIAL INCREASE INCREASE OF MASS FLOW RATE
ACCUMULATION OF MASS FLOW RATE DUE TO INCREASE OF PORT AREA

= 5 (p - p) (III-1)

RATE OF MASS ADDITION DUE TO

BURNING MINUS RATE OF MASS ACCU-
MULATION IN THE FREE VOLUME CREATED
BY THE PROPELLANT SURFACE REGRESSION

The momentum conservation equation, written for a unit

control volume, is

3 (pu) + a(puz) + Ou2 aAE
ot 0X Ap axX

RATE OF MOMENTUM SPATIAL INCREASE INCREASE OF MOMENTUM
ACCUMULATION OF MOMENTUM FLUX FLUX DUE TO INCREASE
OF PORT AREA

+ %Epu
P

RATE OF MOMENTUM ACCUMULATION
IN THE FREE VOLUME CREATED BY
THE PROPELLANT SURFACE REGRESSION

. ot T °A T P
- _.3p _ XX XX Pl _ W w
I9x 9%t A % Chy (III-2)
p p
PRESSURE VISCOUS FORCE DUE FRICTION FORCE
GRADIENT TO NORMAIL STRESS ACTING ON FLUID
FORCE BY THE DUCT WALLS
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! The energy ccnservation equation, written in terms of
i the stored total (internal and kinetic) energy per unit mass,
E, for a control volume of unit length, is

3 (pA_E) 9 (pA_uE)

—t— * —

RATE OF I.CCUMULATION OF + SPATIAL INCREASE OF

; STORED TOTAL ENERGY STORED TOTAL ENZRGY
poe FLUX

9 (A_pu)

_ 2 ar)  _ 1 2% 5 [

NET RATE OF RATE OF WORK RATE OF WORK DONE
. ENERGY INPUT + DONE ON THE + ON THE FLUID BY
BY HEAT CON- FLUID BY PRES- VISCOUS FORCES

: DUCTION SURE FORCES
- qQpPy + poprbhe (II1-3)
5
-’
¢

-

A S E T}

[ L

RATE OF HEAT RATE OF ENTHALPY ADDI-
S ~ TRANSFER TO + TION BY BURNING OF THE -
THE PORT WALLS SOLID PROPELLANT

The unit-conversion factors g and Jc are used in the
conservation equations and throughout the analysis in order
to carry out the entire study in a consistent, metric system
of units, as denoted in the Nomenclature.

S Bramg mewrs v

. onpar

The gravitational force is the only body force that ex-
i ists in the physical model analyzed in the study. However,
. the gravitational body force is negligibly small as compared
to the surface forces for the physical situation considered,
and therefore is not included in the mathematical model. Body
forces such as centrifugal, axial acceleration, and electro-
magnetic forces which are important in certain applications
can be included in the model, when necessary.

The above conservation equations, Egs. (III-1l) to (III-
3), constitute a set of inhomogeneous, nonlinear partial
differential equations. They are general in nature and can
i be applied to a broad range of practical rocket motors.
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2. Simplification of the Conservation Equations

For a practical solution of the conservation equa-
tions a few simplifications are necessary. Each equation
was nondimensionalized with respect to reference guantities
specific for the general problem, and an order-of-magnitude
analysis was performed to find the significance of each term.
This procedure is described in Appendix A. As a result of
the order-of-magnitude analysis the effects of the following
terms were neglected:

(1) Rate of mass accumulation in the free volume,
created by the propellant surface regression [as
compared to the rate of mass addition due to burn-
ing, last term in Eq. (III-1l)]. For the extreme
operational conditions of p = 100 atm, W = 40
g/g-mole and T = 1500°K, there is p = 0.02 Ppr
(if Ppr = 1.6 g/cm3). For the usual case of
P 40 atm, W = 22 g/g-mole and T = 2500°K,

o} 0.0026 Ppri

(2) Forces between gas molecules, due to the viscous
stress in the axial direction, created by the axial
velocity gradient [2nd term on the right-hand side
of Eq. (III-2)];

(3) Axial heat conduction between gas molecules [1lst
term on the right-hand side of Eq. (III-3)]; and

(4) Rate of work done by the internal viscous forces
and viscous dissipation [3rd term on the right-hand
side of Eq. (III-3)].

The order-of-magnitude analysis shows that the friction
force term in Eg. (I1I-2) cannot be neglected in laboratory-
size HVT motors, even though it is small. 1Indeed, the para-
metric study conducted to investigate the effects of differ-
ent parameters has confirmed this conclusion, as described
in Chapter VI. Another reason for retaining the friction-
force term is the tendency to have an analysis, which is able
to check the effect of pre~firing propellant-surface roughen-
ing. This roughening has been explored as a means of short-
ening ignition delay times. However, it does not lead to
reproducable results and is not widely used.

Many practical rocket motors are designed with initial
port area which varies with distance from the fore-end. It
should be pointed out that the analysis considers this ini-
tially prescribed function Ap, j(x), as well as the varia-
tion of port area after ignition Ap(x,t), caused by the
uneven axial distribution of burning rate along the motor
port. It should be also mentioned that the analytical model
corresponds closely to motors with pyrogen igniters, but can
be readily modified for application to motors using pyrotechnic
igniters.
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After deleting the above-mentioned terms of secondary
importance, the conservation equations are rewritten in the

following.

The mass conservation equation is

ap 9 (pu) pu _rb _
’57c'+—5§_+7\;$€2_1\_ppr (111-4)

Following the substitution of the mass conservation
equation, Eq. (III-1l), into Eg. (III-2), and the use of a
conventlonal definition for the friction coefficient (f =
2g1w/pu )}, the momentum conservation equation becomes

fp
u ou E _ _rb _ . w _
Pt + pPu=— + 99x = pppru ixgpu (II1-5)

After the substitution of the mass and momentum conser-
vation equations [Egs. (III-1l) and (III-2)] into Eq. (III-3)
(performed before the nondimensionalization and order-of-
magnitude analysis) and some algebraic manipulations, the
energy conservation equation, in terms of the static gas
temperature, becomes

T aT) _ 1 (3 ip
pcp[s'f * “H] T [5% * “ax]

2 q,P fp
= Pprp %E Tg - T+ 2g§ c ] - i =+ 297 X pu’
B % P P P
(II1-6)

For simplicity, the specific heat at constant pressure,
Cp, the mean molecular weight, W, and the ratio of speci-
fic heats, Yy, are assumed to be constant throughout the
entire starting transient. Also, species diffusion effects
due to concentration gradients caused by mixing of the pro-
pellant combustion gases and the igniter gas, and by axial
variation of the flowing gas parameters, are neglected. The
pressure-dependence of the propellant adiabatic flame temper-
ature is neglected too.

3. The Governing Equations and Their Initial Conditions

After substitution of the perfect gas law, p = pRT,
into Eq. (ITI-5), the momentum equation reduces to the first
governing equation:
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p_ . Rrb £p
Ju + u@. + gR?_ EB = - __Lr___ 2}.{ - E_Aﬂuz (III—7)
t ax P ox Ap P D

Two other governing equations are obtained by substitu-
tion of the perfect gas law into the mass and energy conser-
vation equations [Egs. (III-4) and (III-6)], combining the
two, and some algebraic manipulations:

oA
9T oT _ du _ _ (y-1)uT —"'p
g tugy v (Y-l Tay = R,

£ u3

Jedy T ZgRT

2
—_
Zchcp

Pu T
A
P P

(vy-1)

T
T, - = +
Y

(I11-8)

] ap Ju u 9A P rrb
O R RN AR R v

2
u
JcCpr + 2—&}

3

fpu
Je9y ~ 3gRT

The three governing equations [Egs. (II1I-7), (III-8),
and (I1I-9)] are first order, inhomogeneous, coupled, and
nonlinear partial differential equations. The independent
variables are time t, and distance along the port x, and
the unknowns are the gas velocity u, temperature T, and
pressure p. This set of governing equations contains all
essential gas-dynamic features of the physical model, as
applied to propellants with no >r low aluminum content. How-
ever, rocket motors that use highly aluminized propellants
that do not produce large Al;03/Al agglomerates (i.e., the .
aluminum burns very close to propellant surface) are also
closely approximated by this set of equations. When the
aluminum particles are sufficiently small, the two phase flow
effects are not important and effective values of y, cp, and
W enable the aluminum/combustion gas mixture to be consid-
ered as if it were gas only.

T (I1I-9)

(Y—l)Pw[
p

The three necessary initial conditions, which describe
a state of uniform distribution in the propellant and aft
sections of the motor, are:

U(O,X) = ui
T(0,x) = T, (III-10)
p(0,x) = pi



N B e o

P
"
:
¥
¢

-30-

where uj, T;, and p; are the initial gas velocity, tem-
perature, and pressure, respectively, in the motor. To facil-
itate the start of the numerical solution, it is assumed that
Pi 1is slightly higher than the ambient pressure (by 0.0001
atm), with resulting small velocity uj in the port.

Examination of the radiative heat transfer from the
cloud of igniter gases or grogellant combustion gases in the
chamber to the port walls'44,145 shows that for the case and
conditions considered in this study with unaluminized propel-
lant, heat transfer by radiation is less than 5% of the con-
vective heat transfer. This is in agreem29tsgiigothe measure-
ments and findings of many investigators.®*’7°2%s

The following expression for the rate of heat transfer
to the propellant and nonpropellant walls, gy, pertinent
to the physical and experimental configuration (see Fig. 3)
is used in the analysis:

q, = [2hcwhp{T-TwsJ + hcpb[T-Tsz:]/Pw (I11-11)

where hcp, and h,, are the local convective heat-transfer
coefficients over tﬁe propellant and nonpropellant port walls,
respectively.

In particular cases such as the presence of solid parti-
cles in the igniter gases and the use of metallized propel-
lants, the radiative heat &gansfer may become substantial
and should be considered.l

4. The Physical Boundary Conditions

The physical boundary conditions are specified in
accordance with the flow conditions at both ends of the motor.

A comprehensive study of the structure (boundary and
internal shock-pattern) of axisymmetric free jets exhausting
into still air and intg supersonic streams was conducted by
Love and co-workers. A research group in Rocketdyne in-~
vestigated experimentally the gas-dynamics and heat-transfer
characteristics of simulated head-end igniters in configura-
tions generally identical with that in this study.20,52753
Figure 5, taken from Ref. 53, shows the jet structure of a
head-end sonic igniter, exhausting into a duct with a nozzle
at its other end, for two possible cases: (1) expansion into
a duct with relatively small diameter (see Fig. 5a), and (2)
expansion into a duct with relatively large diameter (see Fig.
5b) . The sizes of igniter nozzle and motor port used in this
study imply the existence of the case, described in Fig. 5a,
in vertical direction, whereas the case, described in Fig. 5b

P %E’l‘—‘l!:wu,;l#\! “‘HWW" .
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is valid in the horizontal direction (see Fig. 3). Therefore,
the three-dimensional flow pattern in the entrance section

of the experimental motor during the igniter operation is
guite complex.

In the analytical model of this study it is assumed that
fast stirring takes place in the entrance section, and there-
fore the gas properties are unifoim therein. The mass and
energy conservation equations for a ccntrol volume, taken to
be the entire volume of the entrance section, provide two
boundary conditions at the fore-end of the propellant section
as described in the following paragraphs.

The mass conservation equation for the gas in the entrance
section is:

o s(t)

Ves————a;'— = mig(t) - p’es es(t'x )u (trxp) (III-12)

where mjq(t) is the igniter mass flow rate into the entrance
section. "The second term on the right-hand side represents
the mass flow rate out of the section.

The energy conservation equation for the entrance sec-
tion is

a c (t)
Ves dt)Pes(®) [%Tes(t) * %J—J

(<

(t)c_T t les (t/X XN

= m. . -

g (8 %pTig ~ Peg(Brxplugg (EixIAy o lopT (6) + 22 B
(III-13)

Order-of-magnitude evaluation, confirmed by the results
of the numerical solution, shows that the rate of change of
the kinetic energy in the entrance section is negligible in
comparison with the rate of change of the thermal energy.
Hence, the second term in the parenthecis on the left-hand
side of Eg. (III-13) can be ignored in this analysis.

After substitution of the equation of state into Eq.
(III-13), and rearrangement, the following equation is obtained:

dpes(t) 1l

dt = Ve YRTlgmlg(t) = YA, egPes (F)Ugg (t)

_ 3]
- (v 1)AP:§§Pes(t)ues(t) (III-14)
2gRTes(t)

o T+ e —
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Substituting the equation of state and Eq. (III-14) into
Eq. (III-12) one gets the following egnation after some alge-
braic manipulations:

T (t) (RTes(t)miL(t).[yT- - (t)i]
19 es

dt Vs pes(t)

2
ues(t)

- (Y-l)Ap,esues(t) Tes(t) + T 29R
(III-15)

The igniter mass flow rate, mj4, is a prescribed func-
tion of time, determined from the experimental study, as
described in Chapter V. High heat-transfer and shock-pgstern
losses, taking place in the entrance section, are found )33
to lower the effective mean temperature of the igniter gas
there, Tj4, which is assumed to be constant during the
transient.” This point is discussed in Section D of this
Chapter.

P

HpL T

Equations (III-14) and (III-15) form a pair of coupled
ordinary differential equations, which describe the rate of
change of the gas pressure and temperature in the entrance
section. Their solution provides two boundary conditions for
the governing equations, Egs. (III-7) to (III-9). The two
initial conditions for this pair of equations are

it P
= -~

pes(O) =p and Tes(O) =T . (III-16)

es,i es,i

The physical boundary condition at the aft end of the
motor chamber is derived assuming quasi-steady isentropic
flow between the entrance to the motor nozzle, which coin-
cides with the chamber end, and the nozzle throat (see Fig.
2). This assumption is justified by the very small length
of the nozzle entrance. Using mass and energy conservation
equations (as well as isentropic relations) between the two
sections, the following equation is derived:

gt i S o I ek S

W

R

-1
Pt(t; Y

2 _ 29y - _
ug (£)© = S2{RT, () (11I-17)

Y

?Ip, (¢)

A
£
A Pp(E)

t

£ at ol b AT AT
7 m}% W‘WH ,.ijw.'ag‘l-..;w . '-s—_"u’l-'*w‘?"‘



Y S e R

2N N ! S HERSIMRAT SRR e

-33-

When the motor nozz.e (with no divergent section) is
unchoked (which is the usual case during the induction inter-
val for very low port-to-throat area ratio and low to moder-
ate igniter mass flow rates), the pressure at the nozzle
throat, pt, equals the ambient pressure, p,, and Eq. (III-

17) becomes

y-1

p (£)] 7
P (t)

2 _ 29y
ug (8)° = 7%I-RTE(t)

A
£
A

(II1-18)

t)

yi
12 [p,(0]7Y
Pp(t)| 1

It should be noted that Eq. (III-18) is given .ncorrect-

ly by Shapiro on p. 966 of Ref. 148.

This is prob.bly a

typographic error, since the plots accompanying the formula
(p. 965 of Ref. 148) correspond to the correct equation,

Eq. (III-18).

For the case of a choked motor nozzle, Egq. (III-17) be-
comes the following implicit relation:

Y+1 Y+l
2 [ 2 17T YgRTg(t) v-1 uE(t)2 v-1
ug(t)” = [Wr] a2ttt T v
[ P t] (I1I-19)

The analysis considers both the unchoked and choked
flow cases. The computing scheme in the numerical solution
checks constantly the ratio of ambient pressure to stagnation
gas pressure at the nozzle entrance for the choking condition
and either Eq. (III-18) or Eq. (III-19) is used, accordingly.
Usually the nozzle is choked at the early stages of the flame
spreading phase. For instance, for mj4 = 15.0 g/sec at
Ap/Ag = 1.2 the motor nozzle became choked when 10% of the
exposed propellant surface had ignited.

It is noteworthy to mention, that if one considers a
case in which a diaphragm is placed at the nozzle entrance,
or a plug is inserted in the nozzle throat, the aft-end
boundary condition for the period of time preceding the dia-
phragm burst, or the plug blowout, is simply

uE(t) = 0

(I11-20)
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It should be alsc noted that a careful consideration of
the physical situation after the motor nozzle throat is need-
ed. Existence of a divergen’ part and an exhaust system
should be taken into accour.. when establishing the aft-end

boundary condition.

In Appendix B the governing eqguations are presented in
a form which shows the effect of mass addition, unsteadiness,
heat transfer, etc. on the axial variation of pressure, tem-
perature, and velocity. That presentation of the governing
equations clarifies the contributions of this study as com-
nared with the quasi-steady one-dimeznsional analyses.

D. Correlations for the Convective Heat-Transfer Coefficient

The flow in the port of HVT motors is highly turbulent
(typical Reynolds numbers are given in Table 4). Dittus-
Boelter's correlation for the convective heat-transfer co-
efficient for a fully-developed turbulent flow in a smooth
pipe is widely accepted for use in solid-propellant rocket
motors. This correlation has the following form:

Nug = 0.023 Redo'BPro'4 (III-21)

where subscript d denotes quantities based on duct diameter.

For turbulent flow in ducts with non-circular cross-
section (and for Pr > 0.6 and Reg > 7,000) the diameter
successfully used in Eq. (III-ZI?, as in expressions for the
friction coefficient, is the equivalent hydraulic diameter
dp.149,150 The applicability of the concept of the hydraul-
ic diameter for turbulent flow haf Befg verified experimen-
tally up to a Mach number of 1.0. 50,151

The flow in a solid-propellant rocket motor with an in-
ternal-burning grain differs from a fully-developed turbulent
flow in a smooth duct. Therefore, if a proper application of
Dittus-Boelter's correlation is to be made to a practical
rocket motor, corrections for the following effects and phen-

omena must be considered:

(1) Entrance effects at the fore-part of the motor,
resulting from the distance necessary for the de-
velopment of the hydrodynamic and thermal boundary

layers;

(2) sSharp variation of the fluid properties across the
boundary layer;

(3) Highly transient {[iow conditions in the port;

(4) Propellant surface roughness which increases the
heat transfer to the surface;
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(5) Decomposition-gasification of the unburned propel-
lant surface, which attenuates the heat transfer
process;

(6) The general configuration of a solid rocket rotor
with head-end ignition, in which a sonic jet is
discharged from an orifice of a relatively small
diameter into a duct that is constricted by an aft-
end nozzle [in contrast to the configuration for
which Eq. (III-21) applies directly];

(7) The configuration and stagnation properties of
the igniter jet, or jets, and the motor pressure
distribution.

(8) Impingement of incandescent particles, which may
exist in the flowing gas, on the unignited propel-
lant surface;

(9) Changes in flow conditions downstream of the igni-
tion front during the flame spreading, and

(10) Heat-releasing or heat-absorbing processes on the
unignited solid-propellant surface, such as gas-
phase condensation, and exothermic and/or endotherm-
ic reactions, which combine with the heat-transfer
from the hot gas flow.

Consideration of all these effects is a very complicated
task, especially because some of them are unclear quantita-
tively. Therefore, an experimental determination of the
heat-transfer correlation is necessary, even though it is
difficult to simulate all practical conditions for this pur-

pose.

A brief discussion of the above-mentioned phenomena af-
fecting the heat-transfer coefficient is pertinent here, be-
cause of its importance in calculating the starting transient
of HVT motors.

Thf entrance effects have been observed by many investi-
gators.15,47,52,53,152-154 The developing flow at the en-
trance part of a duct, or a motor, has been correlated by
several methods: (a) assuming laminar or turbulent glgg,
according to the flow conditions, over a flat plate4 126,61,77
(thus the coefficient in Eq. (III-21) is increased and the
effect of length appears through basing Reynolds and Nusselt
numbers on distance); (b) multiplying the Dittus-Boelter
expression by a power function of the length-to-diameter
ratic, such as aj(x/d)%, where a; takes values between 1
and 2, _and the values of 8 range between -0.05 and -0.2;
155-157 and (c) multiplying Eq. (III-21) by an exponential
function of the length-to-diameter ratio, usually of the

P
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form aj[l + aj exp(-a4xr/d)],47'158 where a,, as, and ay
are constants. All three methods result in similar ccrrec-
tions, with pronounced entrance effects up to 6 to 20 duict
diameters downstream. Maximum heat transfer for pyrogea
igniters fired into instrumented ducts was found to occur in
the igniter jet impingement zone and is up to 6 times that
calculated by Egq. (III-21).

A consideration of the variation of fluid properties
between the bulk of flow and the propellant surface is
necessary in rocket motors because of the large temperature
difference and considerable cross-sectional variation nf
transport properties. Several empirical methods of correc-
tions to Eq. (III-21) have been proposed for this purpose:
(a) multiplying Dittus-Boelter's corrzlation by a power
function of the gas-to-surface temperature ratio of the tyvpe
a5 (T, Tg) 8, or of the ratio of gas viscosity at the bulk t.n
Ye;atugelga gas viscosity at the surface temperature;2'149'

55,153, (b) evaluating the physical fluid properties in
Eq. (III-21) at an average film temperature Taf = (T + Tg)/2
and using the_bulk velocity, as correlated successfully by
Humble,_ et all®4 for subsonic flow in long tubes and by -
Bartz for highly turbu.ent flow in convergent-diverce..c
nozzles, and as recommended by McAdams.160

The effect of flow unsteadiness on %h83convective heat
transfer is. in genera12 not well known.“’ As described
by DeSoto and Friedman,“ a+ +he onset of flow over a body, -
the boundary layer is not distinguishable and the entire '
flow pattern appears inviscid. As time progresses a boundary
layer mate-"ializes. Thus the convective heat-transfer co-
efficients should be higher during the transient pesiod than
under steady-state conditions. Carlson and Seader>9,52
(using hot nitrogen at pressures from 570 toc 620 psig and
temperatures from 550 to 950°F) found a strong time dependence
of the heat-transfer coefficient h,. In some tests, hg
decreased by a factor of two at tl< end of V.8 second at the
location of the heg§ transfer maxima. In a later report,
Wrubel and Carlson attributed the transient effects observed
by Carlson and Seader to undetected conduction losses and they
consiggred time dependent effects to be negligible. Experi-~
ments”? with high driving temperature potential (by firing
pyrogen igniters into an instrumented duct) did not show
transieat heat-transfer hehavior, exceft i areas with appre-
ciable axial conduction losses. Knuthl62 ghowed from a

theoretical analysis that for most applicatio.is forced-con-
vection heat transfer rates to surfaces with time-depe dent
temperatures can be calculated to a good approximatioi. using
equations developed for the steady-~state case. A comprehen-~
sive experimental wogg ggnducted at the University of Utah
and reported in 1965°-°

has confirmed the conclusicns of
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Knuth. 1In a later study, Baer and Ryan67 observed unsteadi-

ness efggcts (see Chapier II, Section A). Sparrow and
Siegel treated analytically the transient nature of the
convective heat-transfer ccefficient.

Y PG T T SR A TP

The effect of propellant surface roughness in increas-
ing the convective heat transfer and thus decreasirg ignition
delay times and increasing flame-spreading rates has been
widely observed. Unfortunately, well established quantita-
tive data is missing. The increasing amount of experimental
data indicates that the heat-transfer coefficient increases
in a much slower rate with_jincreasi rface roughness,_than
the friction coefficient.YSb 155718482 Recent gtudlesl 7-170
have developed semiempirical correlations for heat transfer
to rough surfaces in subsonic and supersonic turbulent flow
and have concluded that the Reynolds analogy is invalid for
rough surfaces. This invalidity increases with Reynolds num-
ber.166,169

The attenuation of convective heat-transfer coefficient
and skin frictlon for turbulent flow over a surface with
blowing has been the subject of many theoretical and experi- -
mental investigations.l117,118,171-179 However, until the
physical law of the decomposition-gasification process taking
place on the propellant surface is well established, appli-
cations to solid rocket motors can be done only in a specula-
tory manner.

The uniqueness of a soiid-propellant rocket motor as
compared to a pipe, as far as the convective heat transfer
is concerned, was shown ciearly by the studles of Carlson
and Seader-0-%2 and Wrubel and Carlsgn, with the addition-
al interpretation of Cohen, et al. These studies have
revealed the effects of igniter-nozzle configuration, motor-
port to igniter-nozzle diameter ratio, and motor port-to-
throat area ratio on the heat transfer distribution for
relatively short motors. The importance of the igniter jet
structure has also been shown. The secondary erfects caused
by the port-to-throat area ratio are primarily related to
igniter jet expansion characteristics. It appears t.uat these
parameters have to be considered in HVT motors, since the
above-mentioned studies were conducted with low port-to-throat
area ratios (1.1, 2.0, and 3.0). This conclusion has been
supported by the results of this investigation.

Most and Summerfield5 studied the effect of molten alum-
inum particles liberated from the ignited portion of the grain
during the flame spreading on the ignition of the remainder
of the surface. No significant effect was observed. The
parti_les that hit the unignited surface neither attached
themselves to the surface, nor caused any spread of ignition
as they traveled downstream. It was concluded that the guan-
tity of hot aluminum particles in the flow was not sufficient
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to augment significantly the flame spreading. However, radi-
ation from densed clouds of incandescent particles should be
considered.

The experimental study of Jensen and Cose45 did not find
any evidence that postulated vortex flow ahead of the advanc-
ing flame affects significantly the heat transfer downstream
of the flame front. Mostl5 also corcluded from his heat-flux
measurements that the convective heat transfer during flame
spreading is only very weakly dependent on the relative loca-
tion of the flame and he related it to the original leading
edge. However, when high burning rate propellants are used,
with resulting large blowing parameter, this point should be
considered carefully.

Propellant surface reactions have been considered in
some heat-transfer studiesl4r%5 whereas very little has been
published on gaseous condensation phenomena.

After reviewing the large amount of literature on the
convective heat transfer in real and simulated solid-propel-
lant rocket motor, and in view of the highly turbulent flow
in HVT motors in general, a correlation for the heat-transfer
coefficient was deduced in this study. This deduction was
mac !, keeping in mind the features of the experimental motor,
for which the analytical model was first solved.

The expression for the local heat-transfer coefficient
is based on the Dittus-Boelter correlation, Egq. (III-2l),
the dimensionless parameters,in which,are calculated using
the local flow properties. This coupling to the chamber gas
dynamics is necessary due to the large velocity, temperature,
and pressure variations along the port, which are calculated
by solving the governing equations, Eqs. (III-7 to III-9)
(see Chapter VI). Corrections to Eq. (III-21) are introduced
for the entrance effects, cross-sectional variation of gas
temperature, and port-to-throat area ratio.

The corrections for the effects of length-to-diameter
ratic and the variation of gas temperature from the core of
flow Xo the surface are based ?2 the studies of Humble, et
al,15% cholette,153 and Bartz.l®l The correction for port-
to-thiggt area ratioc is base” on the interpretation of gghgg,
et al to the studies of Carlson, Seader, and Wrubel.=VY~2-
The latter contain the best available experimental heat-
transfer data concerning HVT motors with head-end pyrogen
igniters.

Introducing the above-mentioned corrections toc Eq. (III-
21) the following correlation is obtained:

- -0.1__ 0.8 0.4 0.4
d,af a6(xr/dh) Re3,af P¥af (Ap/At)

Nu (II1I-22)
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where: ag 1is a constant; x is the distance from the
point of reattachment of the igniter jet, and the physical
properties of the gas (except the velocity) in the Nusselt,
Reynolds and Prandtl numbers are evaluated at the average
film temperature Tg¢.

From Eq. (III-22) an expression for the local heat-
transfer coefficient developed for this study is obtained in
the following form:

0.8 0.2 -0.6 -
h, = 36(pafu) Haf cpPraf (x,dp)

0 0.4

.1
(A, /A,
(I11-23)

The temperature dependence of the viscosity is deter-
mined from the recent calculations of Svehlal80 for the vis-
cosity of air at high temperatures. It was shown by Bartz181
that Svehla's values are very close to those in the previous-
ly published NBS data.l82

Over the range from 1000 to 3500°K the calculated high- -
temperature viscosity values for airl80 were fit in this
study by the formula

6 0.

u=10.87 x 10 W 5T(°K)0'65

poise (I11-24)

Prandtl number is assumed to be constant and calculated
from Svehla's equation

S A, -
Pr = 17v-0. 5 (I11-25)
which gives approximately the same value of 0.71 for y = 1.22
to 1.26 (usual propellant combustion gases).

Expressing the gas density paf by the local pressure
and average film temperature

p s = P/RT,¢ (III-26)

and substituting Egs. (III-24) and (III-26) into Eq. (III-23)
the following expression is obtained:

- -0.6..0.1 -0
hc = ahcpPr w

(pu/R)o'BTaf .67(xrdh)-0.l(Ap/At)0.4

(III-27)

6,0.2

where a, = (0.87 x 10°°) a

60
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As mentioned already, the best available pertinent ex-
perimental data on the convective heat transfer are those
obtained by Carlson, Seader ard Wrubel 50-53 at Rocketdgne
Examining carefullv these data, Cohen, Derr and lece
proposed the followiny correlations for the convective heat
transfer from an azxial 1gn1ter with a sonic nozzle:

At the reglon of igniter-jet impingement
(maximum heat transfer):

_ 0.8 0.4
Nud = 0.0615 Red (Ap/At) (II1-28)

Upstream of the impingement point:

_ 0.8 0.4
Nuy = 0.7 Rey (Ap/At) (0.022 + 0.066 x/xim)

(II1I-29)
Downstream of the impingement point:

0.8 0.4
Nud = 0.7 Red (Ap/At) [0.031 + 0.057 exp(-0.5 xr/d)]

(IT1-30)

Unfortunately, the data in Refs. 50 through 53 extends
only to x/d = 10 approximately. Eq. (III-30) gives almost a
constant value for Nug after that point. The experimental
motor in this study extends up to x/dp = 62 with the propel-
lant leading edge being at xp/dy = 6.06 (or xr/dy = 5.06
on the average). The constan ag in Eq. (III-23) was esti-
mated so that over the propellant leadi:g edge and up to
x/dp = 10 the heat-transfer coefficient calculated by Eq.
(III ~-27) will be equal to that found in Refs. 50 through 53
and calculated by Eq. (III-30). A value of ag = 2.56 x 10~ -2
was determined. Therefore, the expression for the lor-1 heat-
transfer coefficient [Eg. (III-23)] developed in thi study
becomes

_ -3 -0.6.,0.1 0.8 -0.67 -0.1
h, = 1.56 x 10 '
- X cpPr W (pu/R) T, ¢ (xrdh) (Ap/At)

(II1-31)

The position of igniter jet impingement, x;p, is foun? 7
by the jet-boundary calculations presented by Love, et al. 4
For most of the experiments, the position was in the entrance

section approximately at one port diameter downstream of the
igniter nozzle exit, i.e., Xjp v dj.

Expression (III-31) was used throughout this study. It
is based on experimental studies of others and it is recommend-
ed that experimental investigation will be conducted in the

0.

e ﬂl..w,r.‘v;'éhi
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test motor for verification (see Chapter VII). Good agree-
ment between measured and calculated pressure-time-distance
curves was obtained using Eq. (III-31). Since the computer
program is flexible, there is no problem in using other
expression, proved to be more precise, in the numerical solu-
tion of the analytical model.

o rp— e (g

B e e . N

Before local ignition, both the local heat-transfer co-
efficients to the propellant and nonpropellant walls of the
port, hgop and hgy respectively, are calculated by expres-
sion (III-31), i.e., hgp = hegy = ho. After local ignition
hcp =0 and hgy = he.

Equations (III-28 to III-30) are used to calculate the
effective mean temperature of the igniter gas, Tj,. Calcu-
lation of the stagnatior temperature in the ignitér combus-
tion chamber using pressure measurements during steady state
igniter operation shows 5% losses due to incomplete combus-
tion and heat transfer, as compared to the adiabatic flame
temperature. The high heat transfer in the entrance section
causes an additional drop of between 25 and 35%, according
tc the port-to-throat area ratio. It should be mentioned -
that Most,1° using similar ignition system with convergent-
divergent igniter nozzle and an entrance section a little
shorter than the one in this study, measured igniter gas
temperatures over the propellant leading edge, which are
about one half of the igniter adiabatic flame temperature.

E. Correlation for the Friction Coefficient

The correlation for the friction coefficient, £, 1is
deduced from Colebrook'g exgres ion for turbulent flow in
pipes with roughness, 150,183,184 yhich is the basis of
Moody diagram. Colebrook's formula is

e_/d
= -0.8686 ln|-S-.h 4 _2:51 (ITI-32)

3.7 Red/f

>l

where ¢€g/dy is the relative equivalent sand roughness.

Observed effects of distance from the entrance154'185
and cross-sectional variatioT 2f fluid properties are taken
into account. Humble, et al 54 correlated successfully
friction-coefficient measurements in smooth tubes with
Prandtl's universal law of friction for smooth pipes evalu-
ating density and viscosity at the average film temperature.
They did Ygg correct for observed entrance effects. Shapiro
and Smith observed entrance effects up to 20 to 30 tube
diameters from the tube inlet. Therefore, Reynolds number
in Eq. (IIX-32) is calculated with the local flow velocity,
whereas density and viscosity are evaluated at the local

-

R S




pressure and average film temperature. Entrance effect is
considered by multiplying the friction coefficient by a power
function of the distance-to-diameter ratio as for the heat-
transfer coefficient, aj(x,./d )0.1, and evaluating the coef-
ficient so that this factor will become unity at twenty duct

diameters.

After introducing the aforementioned corrections into
Eq. (III-32), and some algebraic manipulations, the implicit
correlation for the friction coefficient developed in this

S study is:

R S e 4

0.1
0.449(dh/xr)

f =
2
0.5 1.65 0.05
es/dh+ 1.27 RW Taf (dh/xr)

, 1n
T 3.7 10° pua, £°+>

(ITI-33)

f

L
H

the induction interval and only downstream of the ignition
front after first ignition. Z2Zero wall friction is assumed

at the kurning surface due to the large friction attentuation
caused by the blowing. Since the inert perimeter is small

as compared to the burning perimeter, it is assumed in the
model for simplicity that after ignition at a position the
local friction coefficient is zero, i.e., the friction over
the entire perimeter is neglected.

© b aARpegE e
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F. The Burning Rate Law

The solid propellant used in this study is a composite
PBAA-AP propellant, composed of 20% PBAA-EPON 828 and 80%
bimodal ammonium perchlorate. The properties of this pro-
pellant are listed in Table 1. The non-erosive burning rate
law, of the Saint-Robert's type, as determined by strand-
burner measurements is

l : Friction is considered over the entire surface during
i
3
F
3

T Y a0 ot W RPN Y T

r,(cm/sec) = 0.927 x 10-2p(gf/cm2)0'4 (III-34)

%

4 Figure 6 shows this burning rate law in the ..onventional
" % log rp vs log p form. Pressure is given in gf,cm2 for

i consistency of units in the entire analysis. It is recalled

£ that

-

103g£/cm® = 0.968 atm = 0.981 bars = 14.22 psi
Large enhancement of the burning rate due to erosive

burning, encountered in HVT motors, is taken into account by
adopting the widely-used and accepted Lenoir-Robillard's semi-

im
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empirical burning rate law112

r = apn + khc exp(—Brppr/up) (ITII-35)

where the non-erosive component is given by Eq. (III-34), the
local zero-blowing heat-transfer cocefficient, hg,, 1is calcu-
lated according to Eq. (III-31), and k and B are constants.

This is actually a modified form of Lenoir-Robillard's
law, since the expression originally proposed for h is
based on Chilton-Colburn's correlation for turbulent flow over
a flat plate, whereas the expression used here [Eq. (III-31)]
is a corrected Dittus-Boelter's correlation. The local burn-
ing rate as given by Eq. (III-35) is thus strongly coupled to
the chamber gas dynamics and the propellant surface temperature.

The erosive-burning constant, k, is estimated from
semi-theoretical considerations as proposed originally by
Lenoir and Robillard.ll2 The erosive-burning exponent, 8,
is evaluated from burned distance versus axial position
measurements from propellant recovered from water-quench ex-
periments conducted in this study. It was also adjusted to
fit the experimental pressure-time curves for all values of
Ap/A¢ tested. The values of k and B used in this inves-
tigation are listed in Table 1.

The high pressurization rates encountered in HVT motors
suggest the consideration of dynamic burning effects. These
effects may be of two kinds: (1) due to burning of a pre-
heated propellant layer on ignition, a phenomenon frequently
oversized by undersized igniters, and (2) due to burning of
a propellant layer, the temperature profile in which is not
in phase with the rapidly varying pressure in the gas phase.
Dynamic burning is not cons.dered in this study. 1Its inclu-
sion into the current model would further improve the anely-
sis and the agreement with the experimental results. Dynamic
burning is further discussed in the outline of suggestions
for future work (see Chapter VII) and in Appendix C.

G. Determination of the Propellant Surface Temperature

To determine the amount of heat transferred to the solid
propellant in the unignited region and the flame front loca-
tion according to the ignition criterion, the propellant sur-
face temperature must be evaluated as a function of time and
distance along the port. The one-dimensional heat equation
for the solid phase at a fixed axial location is

2
oT r(t,y) _ a°T r(t,y)

i > MALA P (111-36)

oy
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where y 1is a coordinate normal to the surface with its
positive direction into the solid (see Fig. 7). The propel-
lant is assumed to be inert until the critical ignition tem-
perature is reached.

The initial condition for Eq. (III-36) is

The boundary conditions for the heat equation are:

Top (£r®) = T (III-38)
and
EEEE(t 0) = - hc(t)['r(t) - T _(t)] (III-39)
3y ! _7;;_ ps

The second boundary condition specifies that at the pro-
pellant surface the rate of heat transfer from the gas phase
to the solid is equal to the rate of heat conduction into the
solid, with the variables hg(t) and T(t) depending on the
local flow parameters. It follows that Eq. (III-39) is cou-
pled to the gas phase conditions. This implies that the heat
equation must be solved simultaneously with the governing
equations for the gas phase to yield the time-dependent tem-
perature profile within the solid at each given axial posi-
tion in the motor. However, the main interest in this analy-
sis is not a detailed knowledge of the temperature profile
inside the propellant slab, but rather the propellant surface
temperature, which determines the rate of heat transfer to
the unburned propellant and the flame spreading rate.

A conventional way to treat the parabolic partial differ-
ential equation (III-36) is to reduce it to an ordinary dif-
ferential equation by Laglgce transformation and solve for
the surface temperature. 8 However, since no explicit ana-
lytical expressions for hg(t) and T(t) are available,
the analytical solution can only be stated in the integral
form. Solving for the propellant surface temperature along
the port at each time step requires a lot of computations
and computer storage spaces.

An approximate solution of the heat equation, which is
quite accurate and saves much computation iége ggy be obtain-
ed by using the so-called integral method. b1 Applying

this method, a quantity §&§(t) (called the penetration dis-
tance) is defined, so that for y 2 § the solid is at equil-
ibrium temperature and there is no heat transfer (see Fig. 7).
It is assumed that a third-degree polynomial in y represents
the transient temperature profile in the solid:

T2 N

-
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- 2 ) 3 _
Tpr = ko(t) + kl(t)y + k2(t)y + k3(t)y (I1I-40)
where the coefficients kg, kj, k2 and k3 may be time-
dependent. To determine them, four boundary conditions are
necessary. These are:

(1) Tpr(tré) = Tpi (III-41)
(2) 9T
—32—(t,6) =0 (no heat transfer at y = p)
Y (III-42)
(3) 2
———%—(t,d) = 0 (the smoothing condition)
3y (III-43)
(4) aT r hc )
—E2X(t,0) = - =—[T(t) - T__(t)] (III-39)
3y Apr ps

Solving for the coefficients kq to k3 and substitu-
ting into Eq. (III-40), the following expression for the
temperature profile is obtained:

) he (T-T_ ) (5-y) >
=Ty, + ITI-44
pr pi 3 52 ( )
pr

T . + (T__-~T_.)|85X 3
pi ps pi’ [TTT

Figure 7 shows the temperature profile in the =0lid
expressed by Eq. (III-45).

{(III-15)

The surface temperature is obtained by substituting
y = 0 into Eq. (III-44)

h_(T-T_ )6
=
T T . o+ —ij-Eﬁ—- (II1I-46)
pr

Following the integral method, a heat balance integral
is written for the penetraticn distance, §(t):
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S(t) S (t)
a?r__ 4
Gy ;;52— ay = ¢ | (T-T,p)dy (111-47)
0 0

Equation (III-47) is ggalogous to the momentum integral
in boundary layer theory.l The left-hand side becomes, in
view of conditions (III-39) and (III-42),

S(t)
apr ay2 dy = apr[.ay (t, &Y - 5y (t,O?]
0
a_h
= _§§;S(T-Tps) (I11-48) R

The right-hand side of Eq. (III-47) becomes, using
Egs. (III-44) and (III-46),

S (t) 3
d - _ 3 a | TpeT i)
T | Tpr o) = P 5 |piFor—|  (11I-49)
C pPs
0

The rates of change of the heat-transfer coefficient,
he, and gas temperature, T, with respect to time, are
neglected as compared with the rate of change of T,g, which
is completely justified for the entire induction ingerval,
and the major part of the flame spreading period. Performing
the differentiation in Eq. (III-49) and equating the result
to Eq. (III-48) the following ordinary differential equation
for the propellant surface temperature is obtained:

2, 3
dTps _ 4aprhc (T Tps)
dt 3y %(r__-T_,)(2r-T__-T (111-50)

pr ( ps “pi ps pi)

To avoid the singularity at t = 0, the initial condi-
tion for Eq. (III-50) is taken as

Tps(O) = Tpi + € (II1-51)

where ¢ has a small value, e.g., 0.1°K.
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It was shown by Goodman,188 that for constant external

heat flux the surface temperature increase of a semi-infinite
slab calculated by the integral method using a cubic tempera-
ture profile is only 2% higher than that calculated from the
exact solution of Eg. (III-36). As a check of Eg. (II1-50),
the heat transfer coefficient (hy) was varied linearly with
time in a manner that approximates the actual heating rates
in the physical model. Solution of Eg. (II1-50) by a fourth
order Runge Kutta method was compared to an explicit finite-
difference sclution of the partial differential heat equation
[Eg. (III-36)) for the same conditions of heating-gas temper-
ature, propellant properties and variation of hg. Maximum
difference of 5% between the two solutions for heat-up times
necessary to raise the surface temperature from 298 to 700°K
was obtained.

Equation (III-40) is solved by a standard fourth-order
Runge-Kutta method simultaneously with the governing equa-
tions for the chamber flow field to yield the propellant
surface temperature at any calculated time and position. 1In
this way flame spreading rates can be predicted, using the
ignition criterion as described in Chapter III Section A.

The non-propellant walls of the port have a coating
with thermal properties assumed to be equal to those of the
propellant (see Chapter V, Section A). Therefcre, before
local ignition Tyg = Tpg. After ignition at a position,

Twsg at that position is calculated continuously by Eq. (III-
50).

The large number of coupled parameters involved in the
analysis precludes a simple and useful nondimensionalization.
Moreover, it is doubtful, if any use of normalized parameters
can provide an easy and straight-forward interpretation of
the results. Therefore, it was decided to carry on the
numerical calculations in a dimensional form, using consist.-
ent, metric engineering system of units, thus allowing a
direct comparison of predictions with experimental measure-
ments.

v oy .
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CHAFTER IV

NUMERICAL SOLUTION

A. Implementation Scheme !

Numerical mathematical tec iniques were developed for the
simultaneous integration of the three governing equations,
Egs. (III-7), (III-8), and (IIX-9), the two equations for the
entrance section, Egs. (III-13), and (III-14), and the equa-
tion, which describes the rate of change of the propellant
surface temperature, Eq. (III-50). The numerical steps were
organized iito a program for a large capacity digital computer.

It can be shown, that the set of governing equations is
totally hyperbolic in nature.189,190 Indeed, all three eigen-
values of its characteristic equation are distinct and real.
The numerical techniques developed aimed at maximum accuracy,
stable conditions, and computation efficiency. Recently
obtained experience in solving hyperbolic partial differen-
tial equationsl®0 was utilized, and a generalized implicit
scheme1 bafsd on central differences in spacewise deriva-
tives, 191, 2 was chosen to solve numerically the governing
equations. Let the net of points in the t,x-plane be given
by t = jAt and x = nAx, where j = 0,1,2. . ., and
n=20,1,2. . . . The mesh size of the net is determined by
At and Ax. Then the derivatives of pressure, for instance,
are expressed in the following difference form: -

. )
J+1 J
ap| _ Pn~ "Pp
at At
n ( (IV-1;
J+1__j+1 - b B
apl - 6(pn+l pnwl) + {1 e)(pn+l pn-l)
ax 2Ax
" )

where pJ = p(jAt, nix).

The weighting parameter 6 is a real constant, lying
in the interval 0 £ 6 £ 1. For the implicif formulation no
9 Usually a

stability restriction exist if 3.5 3 6 £ 1.
value of 6 = 0.6 was used in fhe calculations.
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B. Quasi-linearization and Predictor-Corrector Calculations
of the Non-linear Terms 1in the Governing Eguations

The governing equations may be written in the following
matrix form

[u Fu,u Fu,T Fu,p u) I,
3 3 _ )
£ |7 * {Fo,u Foor Fopl 9% || = | (IV=2)
F_F I
P Fo.u Fp,r Fp,p P p

where F[u(t,x),T(t,x),p(t,x)]) are the functional coefficients
of the partial spacewise derivatives, and I[u(t,x),T(t,x),
p(t,x)] are the corresponding inhomogeneous terms in Egs.
(I11-7), (111-8), and (III-9).

In order to obtain a system of linear algebraic differ-
ence equations, which can be solved simultaneously by matrix
methods, the nonlinear coefficients F(u,T,p) and inhomogen-
eous terms I{u,T,p) are linearized in a way, described in
the following paragraphs.

The inhomogeneous terms were first quasi-linearized,
according to the scheme:

.. B
. .. . . j+
j+6 s I B j+l_ §,9I1{” "2
In X I(un'Tn'un) + e(un u-’)
.. B 8
. . j+ j+
i+1_3,91|7°2 j+1_ 3 I’ 72 _
+ o(T) Tn)ngn + 6(p] n)ap (IV-3)

where the partial derivatives, which are actually algebraic
terms, are evaluated with the flow properties at (j + 6/2, n),

.. 0 . . .
such as, for instance, pg+f = pg + %(pg+l - pg).

A predictor-corrector technique was applied tc the non-
linear coefficients F(u,T,p), and the partial derivatives in
Eq. (IV-3). According to this method, a predictor calcula-
tion is first made, in which previous-time flow properties
are used to evaluate all the coefficients F and partial
derivatives in the quasi-linearized inhomogeneous terms.
Then, a corrector calculation is made, in which the coeffi-
cients F and the partial derivatives are evaluated with
weight-averaged flow properties. The iterations may continue
on until sufficient convergence is achieved.
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After substitution of the aforementioned finite-differ-
ence representations into the governing equations, the vel-
ocity variation equation, Eg. (III-7), becomes

j+l_ 3 j+1_ J+l j
Y Yn + u 8 (u n+1 ) + (1- e)(un+l un-l)
At n 2A%
=] j+l ]+l 3
+ gRTi’ "(Phy1 Py * 170) ‘pn"l Ph-1) | ) o )
pJ 2hx = Tu(nTheey)
n
.. 0 .. B .. B
S LA 3T Ity ar %7
LI*1_ 3,7 u J+1_.3 j+1_ 3, °Tu
+ 0 (ay T un ) AL A At FOP T I 6(py "-P ) 55—
n n n
(IV-4)

The temperatu. e variation equation, Eq. (III-8), becomes

J+l_.3 j+l ]+l i
Tn Tn . Ej 6(Tn+l T ) + (1~ 8)(Tn+l fn l)
At n 2Ax
j+l_ ]+l 3
Fo(y- l)TJ 6(un+l a-1) t (- 6)(un+l Yh-1) = T ( 3 Tj 3
20x% = SpW¥n n'pn)
i+5 1343 o1, |3*3
j+1_..3] T J+1 .3 j+l _j T
+ e(un Jn)sﬁ— + e(T Tn)au + e(p pn)ss—
n n n
(IV=-5)
Lo g bt it el .-w —_—

* s et B O 2
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and the pressure variation equations, Eq. (III-9), becomes

j+1 _J j+l j+l _J
pn p + u][e( n+l p ) + (1- e)(pn+1 pn 1)
At a 2Ax

_ledttdtl 4 oee

+1 w1701
* ant . 2Mx

= Ip(un Tg,p )

.

.. 8 .., B

. 31 |33 . Y 3+7 Itz
J+1_ 3 __B Jj+l_.3 _P

+ e(un uy ) + e(Tn Tn)BT

31
+ e(pJ L pg)ggg

n n

(IV-6)

The barred parameters are weight-averaged quantities
as follows:

—j j+1 AN aed )

u- = 6 (uy )Pd.+ (1-6)uy

=] j+l —eymd 5 -
T e(Tn )pd'+ (1 u)Tn (IV-7)
=j j+l - 2

pn e(pn )pd + e)pn J

whereas the flow parameters in the partial derivative form
in Egs. (IV-4), (Iv-5), and (IV-6) are

.. 9 ; A
J+— j+l _6,..3
un 2( pd + (1 f)un
.. 8 .
j+ j+1 Syl _
T2 2= 2(T )pd + (1 2)Tn (IV-8)
.. 0 .
i+ 6, J+1 <_9y.3
Ph 2 = 3(Py )pd + (1-3)py
J

The parameters ( %+l) d are the quantities, calculated

from the latest predictor iteration. 1In the first step

predictor calculation they have the values of the previous
time step.
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As pointed out by Kuo, et al,lgo'194 the predictor-
corrector method, combined with the quasi-linearization
scheme, is very helpful in stabilizing the numerical solution.
However, the successful application of this combination to
the present study Sges not generalize the approach for all
similar problems.l

Negligibly small differences were found between final
solutions obtained by single-step and multi-step predictor
calculations. Therefore, to reduce computing time, a single-
step predictor-corrector calculations are used in the actu-
al computations. The final solution at every time step is
obtained implicitly by a matrix method, discussed in a later
section.

C. Extraneous Boundary Conditions

The use of central-difference formulation, as described
in Eq. (IV-l), for all spacewise derivatives in the governing
equations, requires six boundary conditions for the solution.
In other words, the set of finite-difference ?guations cor-
responds to a hyperbolic system of 6th order. 0 Therefore,
three boundary conditions, in addition to the physical ones
defined by Egs. (III-13), (III-14), and (IIXI-17), or (III-
18) are needed. These so-called extraneous boundary condi-
tions for the hyperbolic system of goverring equations stud-
ied are derived from the compatibllity relations at the
boundaries. The latter are obtained by solving the govern-
ing equations by the method of characteristics.

The compatibility relations along the right-running and
left-running Mach lines (defined by dx/dt = u * ¢, respect-
ively), in terms of p, u-characteristics, are

QB] =7 IE[QE] + [1 + YP1 ) (IV-9,IV-10)
[dt I,IT c(dt I,1I - c uJ !

The relation along the particle-path line (defined by
dx/dt = u), in terms of T,p-characteristics is

- x-1 T(dp) _1:_13] _
- p[ag + 1 ST (IV-11)

[dT
Jigr © UT

a-E]III

In relations (IV-9), (I1Iv-10), and (IV~1l), Iy, Ip, and
I are the inhomogeneous terms in the governing equations
(Bee ®Bq. (Iv-2)].

For a subsonic flow toward the nozzle in the motor which
is the case during the entire transient in the physical model,
described in Chapter III, the left-running characteristic line
is considered at the left boundary, whereas the right-running
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characteristic line together with the particle-path line are
considered at the right boundary of the region of numerical
computation. Taking into account the conditions at the right
boundary, which is the aft-end of the motor (uniform perime-
ter, no area change, and no mass addition, see Fig. 2), the
compatibility relatinn along the right-running characteristic,
Egq. (IV-9), becomes

dp - _ Yp{du Pw Jyfguz
{dt)l = —g[ﬁ)l "R T [‘Y'“% ‘1]

- (y-1)J_h_ (T-T ) (IV-12)

The compatibility relation along the left-running
characteristic, Eq. (IV-10), is

d _ yp{du rb u
[_B]II = _g ] + YRp ——[T + ET)

dt (dt) ;1 pr A, £
rb u2 Ypu BAE
M (Y_l)ppr A_ 29 A_3x
P P
(y-1)J,
- __72;_—~[éhphcw(T~Tws) + bhcp(T-Tps)]
waf u2
+ =i E——Z[(y-—l)u + ¢] (IV-13)
p ¢

The compatibility relation along the particle-path line,
Eq. (IV-11l), at the right boundary, becomes

dT
&

] = x-1 g[gg] + 121 Eﬂ f£u _ Jcnch(T_T )
111 Pldtfrrr Y A 29R P ws

(Iv-14)
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D. Treatment of the Boundary Conditions

The compatibility relation along the left-running char-
acteristic line, Eq. (IV-13), and Egs. (III-13) and (III-14)
form a closed system of crdinary differential equations to
determine the gas velocity, temperature, and pressure at the
entrance to the propellant section. The system, formed by
the other two compatibility relations, Egs. (IV-12) and (IV-
13), and Eq. ({I1I-17), or (III-18) (unchoked, or choked flow,
respectively), determines the flow parameters at the chamber
aft-end. The equations in each system are expressed in a
finite-difference form and quasi-linearized in an implicit
form, using predictor-ccrrector iteration calculation in the
same method which is utilized for the governing equations.
As a result, a set of three linear inhomogeneous algebraic
equations is obtained for every boundary. Each set of equa-
tions is solved by 3 x 3 matrix, using Kramer's rule, to
yield the gas velocity, temperature, and pressure at the
boundary for the next time step calculations. The character-
istic line segments near the left and right boundary of the
calculated domain are shown in Figs. 8 and 9, respectively.
These figures also show the numerical calculation grid in
an Xx,t-diagram.

In Fig. 8 the iine sent out from A% to the left-bound-
ary point By (xg, ) with a slope (dx/dt) - ¢ 1is the
left-running characterlstlc. The process o% determlnatlon
of the boundary values is carried out in the following steps:

(1) With the calculation completed for the time step
jAt, all properties are determined at the point Kz
by linear interpolation between the boundary
(xl,tJ) The position of Kl is taken from the
previous—time-step calculatlgns, as described
below.

(2) The left-boundary system of equations [Egs. (III-
13), (I1I-14), and (IV 13)] is sclved for u, T,
and p at Bjy(xg,t] +l), The flow parameters,
present in the coeff1c1ez and inhomogeneous terms
of these equations, are 1. cated with the solutions
until sufficient convergence is reached.

(3) The corrected location of Ag at the current time

is found from the slope of the left-running char-
acteristic (solid line A} - By in Fig. 8), i.e.,

oo bl 3%1 5] | (Li+l . 3
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If |xp, - xle/xx2 > 0.002,steps (1), (2), and (3) are

A2 + O‘Z(XXQ)i’ where the

i" denotes the number of the iteration step.

repeated with (xiz)i+1 = 0.8 x

subscript

When the convergence condition for the point Ad is met
(usually in two iterations), the distance x of this point
becomes the distance for the first iteration in the next time
step, i.e., x%gl = x;z

In Fig. 9 the lines sent out from Ai and A% to the
right-boundary point Br(xN,tJ+1) are the right-running
characteristic and particle path, respectively. The calcu-
lation of the right-boundary values by the simultaneous
solution of the above-mentioned pertinent system of equations
is similar to that of the left-boundary values.

(dotted vertical line in Fig. 8).

The position of the points Ay, Ay, and Az changes very
slowly with respect to time. The directions of exaggerated
shifts shown in Figs. 8 and 9 are typical for the chamber-
filling interval of the transient.

It should be noted that solutions, based on separate
integrations along the characteristic lines,190 have resulted
in oscillations of the boundary values. The quasi-linearized
simultaneous-solution method results in a smooth and stable
solution. The method may be applied, however, with caution
to other configurations which cause different boundary condi-
tions, such as zero aft-end velocity during part cof the
transient due to use of a nozzle closure, and change of
velocity direction at the fore-end due to short igniter
operation.

E. Computation Efliciency and Convergence Tests

The numerical calculation solves Egs. (IV-~4), (IV-5),
and (IV-6), which represent the governing equations in their
implicit difference algorithm. For the N-1 spacewise interi-
or points considered, 3(N-1) linear algebraic equations have
to be solved simultaneously for every time step for 3 (N-1)
unknowns. The value of N-1 depends upon the given lengths
of the propellant and aft sections, xp - , and the spatial
mesh size, Ax, used in the calculation. Tge faster the pres-

surization process, the smaller the value of Ax that must
be used, and therefore, the larger the number of interior
calculation points. Also, the time step, or temporal mesh
size, At, should be kept small enough, so that the variations
in flow properties with respect to time can be studied, and
the quasi-linearized nonlinear and inhomuaeneous terms can

be properly represented.
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For efficient computation, the finite-difference equa-
tions, Egs. (IV-4), (IV-5), and (IV-6), are arranged into
so-called block-tridiagonal matrix form. »195 In this
particular form, the 3(N-1) x 3(N-1l) matrix of the coeffi-
cients of the unknowns has (3N-5) 3 x 3 square sub-matrices
as single elements. An economical solution is obtained
through blogk-factorization into two block-bidiagonal
matrices.190/195 Fpor accurate computation, the computer
option of double precision is used in the matrix calcula*ion.

Variation of the mesh sizes, At and Ax, was carried out
to test the convergence of the solution. This variation was
conducted in connection with the so-called Courant-Friedrichs-
Lewy stability condition for one-step space difference equa-
tions,191 which is

(Jul + c)at/ax < 1 (IV-16)

However, when an implicit difference scheme is used, the
rumerical solution becomes unconditionally stable.lél

It has been found that within the region of tests with
the experimental model, negligible changes in the solutions
are obtained when At or Ax are reduced by a factor of
five. Mesh sizes, for which the maximum value of
(Ju| + c)At/Ax 1is slightly greater than one, are usually
used.

Various tests were performed on the sensitivity of the
solution to changes in initial conditions and small changes
in important input parameters, such as the igniter mass flow
rate, burning rate law, propellant ignition temperature,
adiabatic flame temperature, and propellant density. 1In all
these tests the solutions were bounded and smooth, and changed
only slightly for small changes in these parameters. This
demonstrates the existence of neighboring solutions and the
convergence of the entire numerical solution.

Appendix D shows a flow chart for the solution of the
governing equations, and Appendix E shows the overall com-
puter program flow chart. Lists of the computer program sub-
routines and the input data cards are given in Appendix F.

The Fortran IV computer program can be requested from L. H.
Caveny at the Guggenheim Laboratories of Princeton University.
Requests for the program should be accompanied by a 9 track
magnetic tape. Compilation of the program on the IBM 360-91
requires an area ot 350K for the IBM G level compiler and
500K for the IBM H level compiler.
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CHAPTER V

EXPERIMENTAL INVESTIGATION OF THE STARTING TRANSIENT

A. The Experimental Motor

An extensive experimental program was carried out to
provide the empirical data required as input to the theoret-
ical model and to test the validity of the analysis. A
laboratory-size solid-propellant window motor was designed
and manufactured for the experimental investigation. The
design of the motor was guided by the following primary re-
quirements. It is necessary that:

(1) The experimental set-up be as close as possible to
a practical rocket motor, both in configuration
and range of operation;

(2) The motor has sufficient flexibility to permit
wide-range diagnostic studies involving measure-
ments of different types;

(3) The analytical model and the experimental model be
compatible for tests of the theory without unnec:-
essary complications, and

(4) The size of the motor be easily manageable and
ccensistent with laboratory testing procedures.

Schematic longitudinal and cross sections of the exper-
imental motor are shown in Figs. 2 and 3, respectively.
Figure 10 shows an assembly drawing and Fig. 11 is an explod-
ed view of the laboratory-size rectangular window motor.

The propellant slabs were cast into brass trays. To insure
good propellant-to-tray bonds, the inner surface of the tray
was sand-blasted and coated with a thin layer of Duro-Plastic
Epoxe glue (available from Woodhill Chemical Sales Corp.).
The exposed propellant surface was cast and polymerized a-
gainst the polished surface of a Teflon strip. Several types
of trays with two propellant web thicknesses (0.635 and 0.318
cm) were used. Each tray had a constant web thickness. The
two trays used at a test are so positioned in the propellant
section, as to create an initial uniform port of 2.54 by
0.635 cm along the entire motor, from the end of the igniter
nozzle to the entrance to the motor nozzle. The primary
feature of the slab-grain geometry is that it permits direct
photographic observations during ignition and flame spreading,
and at the same time the chamber conditions realistically
correspond to the conditions in a practical rocket motor.
Furthermore, many diagnostic studiers, such as pressure, tem~
perature and heat-flux measurements can be conveniently con-
ducted.
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One side wall of the port is a two-part Plexiglas window.
Tests with fast water quench revealed that no Plexiglas abla-
tion occurs prior to the time of peak pressure up to 100 msec.
The inner part of the window was replaced for each test. The
window is sealed by an o-ring gasket and retained by a cover
connected to the motor block by 26 high-strength bolts. For
tests in which measurements other than photographic were made,
the window was replaced by a stainless steel part having the
same dimensions.

The side wall of the port channel opposite the window
is used for the instrumentation ports. Five Dynisco PT76 high
frequency pressure transducers can be installed along the port,
12.7 cm apart, starting from the propellant leading edge. A
burst diaphragm is connected to each end of the motor for over-
pressure protection. Three additional ports are available for
thermocouple probes and heat-flux gauges. The total ten ports
can be used in different combinations for techniques, such as
depressurization, liquid quenching, side ignition, and purging.

The motor nozzle, made of copper, consists of a rectangu-
lar convergent section and a precisely defined rectangular
throat. Four nozzles were manufactured for series of tests
with port-to-throat area ratio of 1.06, 1.2, 1.5 and 2.0.
There was no measurable erosion in all tests conducted. The
nozzle block is bolted to the aft end of the motor with a
connector, which leads the combustion gases from the nozzle
to the exhaust vent system.

To reduce the heat loss to the chamber walls and, thus,
to make the experimental motor more compatible with operation-
al motors, the entrance and aft sections of the motor and the
nonpropellant walls of the port (except the Plexiglas window,
when used) were coated before each test with a thin polymeric
layer consisting of a mixture of 50% PBAA/EPON binder and 50%
TiO2 powder. This layer ablated only slightly during the
starting transient. 1In the analytical model it is assumed
that this layer has the same thermal properties as the solid
propellant. A special test (described in Section B, Chapter
VI) was conducted to verify the validity of this assumption.

B. The Ignition System

The igniter source used in this study was a head-end
pyrogen igniter, which burned gaseous methane and oxygen in
a controllable manner. The system is capable of burning a
wide variety of gaseous oxidizers and hydrocarbon fuels (or
mixtures of gases) and thus operating with a wide range of
igniter temperatures. The methane and oxygen were of research
purity and supplied by the Matheso- Gas Products Co.

The specially-designed igniter combustion chamber achiev-
ed 80% of the equilibrium operating pressure within 3 msec.
The chamber consists of a small stainless steel tube (0.9 cm
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in diameter and 7 cm long), placed in a copper block. The

injector head comprises two carefully calibrated unlike !
impingement doublets. Fast ignition is achieved by four
small 10 mm spark plugs (type Z-6, produced by Champion
Spark Plug Co.), positioned along the igniter champer. A
small burst disk is also installed in the system for over-
pressure protection. The pressure in the combustion chamber
was measured by a Dynisco PT76 pressure transducer. The ig-
niter gases were discharged into the ent:rance section of the
motor through a convergent nozzle.

A controllable feed system supplies the gaseous reac-
tants to the igniter combustion chamber. Each reactant,
coming from the high-pressure cylinder, passes through a
dome pressure regulator (Model 15H, 0-2000 psi, made by Grove
Reg. Co.), which has remotely preset outlet pressure. At
this pressure, the gas passes through a check valve (Type
K-1359-8-S made by Konler Co.) and an on-off pneumatically-
operated valve (Model PV20F, made by Marotta Valve Corp.)
before entering the injector. The two on-off valves on the
fe~d lires are operated simultaneously by a single solenoid
valve (Marotta, Model PV74). The total opening time of the
on-off valves is 2 msec after the stem moves off the seat.
The capacitance of the feed lines between the on-off valves
and the injector was minimized to assure fast start-up and
shut-off of the igniter. The feed pressures just upstream
of the injector were measured by Dynisco PT76 pressure trans-
ducers. A cold-flow adjustment of the feed pressures was
performed before each run.

A purging subsystem is an integral part of the control-
lable igniter. It consists of a nitrogen supply line, a
solenoid valve (Marotta, model PV74) and two check valves
(Kohler, type K-1359-2). The nitrogen purge enters the
system just downstream of the on-off valves. The igniter
chamber and rocket motor were flushed with nitrogen before
and following each test.

Figure 12 depicts the assembled igniter combustion
chamber, injector, two on-off valves, fuel-line pressure
transducer, fuel-line purge check valve, and the sonic igni-
ter nozzle. The entire assembled ignition system on the test
bench is shown in Pig. 13.

For all runs the fuel and oxidizer feed pressures were
selected to be higher than the maximum pressure in the motor.
In this way back flow from the motor to the ignition system
and erosion of the injector orifices were prevented. Com-
binations of injector orifices and igniter nozzles were used
to allow experiments with different igniter mass flow rates
and equivalence ratios. The equilibrium pressure in the ig-
niter combustion chamber during the induction period was
usually between 20 and 30 atm. The injector orifices
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- were always choked during the induction interval and served r
as metering orifices. Real-gas effects;, important at the }
high feeding pressures, were accounted for in g?e_g ecise ;
determination of the igniter mass flow rates.126,1 The '
discharge coefficients of the various injection orifices

. were between 0.8l for the smallest fuel orifices and 0.92

for the largest oxidizer orifices. The c¢* efficiency of

the igniter chamber (defined as the ratio of c* calculated

from the measured mass flow rate and pressure in the combus-
tion chamber and c¢* calculated from adiakatic thermochemis-

try) was 95%.

Vs e 1

As part of the efforts to simulate real rocket motors
having pyrogen igniters, the ignition system operated during
the entire starting transient with constant feed pressures.
During the last part of the flame spreading period and there-
after, the igniter nozzle becomes unchoked, and the pressure
in the igniter combustion chamber increases in accordance
with the rising pressure in the motor. Tle quasi-steady
igniter mass flow rate after the unchokinc 's somewhat less
than the previous steady-state value, acc Jiing to the par-
ticular combination of pressures. Since :e ei~ -t of the
igniter mass flow rate during the last _cages of the tran-
sient is very small (as compared with that of mass addition
from the burning propellant), it is assumed in the theoretical
model that during this period the igniter operates with the
same mass flow rate as before the unchoking.

Figuve 14 shows a typical schematic variation with time
of: (a) the quasi-steady igniter mass flow rate calculated
from experimental pressure-time measurements, (b) the igni-
ter mass flow rate used in the numerical calculations, and
(c) the measured head-end motor pressure.

The sequence of events in the operation of the ignition
system starts with establishing the desired feed pressures
by adjusting remotely the two dome pressure regulators. An
automatic electrical sequential cam system actuates the

: following operations. When the firing circuit is energized,
= ‘ the automatic sequencer first activates the spark plugs.

g Then the solenoid valve (which controls the feed valves)
opens and the on-off feed valves unclose to start the flow
of the reactants into the igniter combustion chamber. The
igniter action is terminated when the sequencer signals the
’ valves to close and afterwards power to the spark plugs is
H turned off. The duration of the igniter action can be alter-
ed simply by adjusting the timing of the shut-off cam. The
easy variation of duration time, igniter-gas temperature and
composition, and igniter mass flow rate are the main advan-
tages of the gaseous ignition system.
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The gaseous pyrogen igniter was usually operated slight-
ly on the fuel-rich side (with an equivalence ratio ranging
between 1.02 and 1.08). The stoichiometric mixture ratio of
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the oxggen—methane system is 4:1. Thermochemical calcula-
tionsl yield at 22 atm an adiabatic flame temperature of
3460°K and major product mole fractions of 43% H20, 15% CO
and 13% C02.

For the same fuel-oxidizer combination, the adiabatic
flame temperature of the gaseous igniter does not change
significantly when changing the eguivalence ratio between
1.0 and 1.4. Therefore, wide range of igniter gas tempera-
tures may be obtained in experim~ntal tests by using differ-
ent fuel-oxidizer combinations.

Figures 15 and 16 show the experimental igniter-motor
system mounted on the test bench in the Solid Propellant
Test Cell.

C. Instrumentation and Data Reduction

Two types of physical measurements were conducted in
the course of the experimental research program: pressure
measurements and photographic observations. 1In each test,
the fuel and oxidizer feed pressures (50 to 80 atm) and the
pressurz in the igniter combustion chamber were measured.
In addition, up to five pressure measurements along the cham-
ber port were made. The Dynisco pressure transducers used
are of the bonded strain gauge type, Model PT76, suitable
for dynamic pressure measurements. The natural frequency of
these transducers as stated by the manufacturer is 38,889
cps. From the investigations of Thomas and Laytonl®9- it
was deduced that the amplitude frequency response is flat up
to 8,000 cps. The frequency range of the transient pressure
phenomenon investigated in this study is 40 to 400 cps. The
diaphragm of the transducers used [or pressure measurements
in the igniter chamber and in the motor was protected from
the hot combustion gases by a 1/8 inch thick disk made of
General Electric RTV-580, which was bonded to the diaphragm
by RTV-108 adhesive. Shock-tube experiments showed that the
natural frequency of the protected PT76 transducer is 24,000
cps. The installation of the transducers was performed ac-
cording to the research experience Sscggglated in the AM§ 4-
dsgartment of Princeton University1 - and elsewhere.<?
2 Figure 17 depicts the back side of the experimental
motor showing the f’ve pressure transducers installed along
the motor.

The transducers in use were calibrated in position before
each experimental test. The calibration was performed by
pressurizing the assembled rocket motor with nitrogen gas and
by regulating the nitrogen pressure. A master pressure gauge
(Heise, Type H8755R, 0 to 2000 psi) was used for the calibra-
tion in steps of 100 psi. The master gauge was periodically
checked and calibrated with an Amthor (Type 472, 0 to 2000
psi) dead-weight tester. Also periodically a calibration of
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the pressure transducers after a test was performed with the |
transduce#s still in position. Figure 18 shows the Solid §
Propellant Test Cell Calibration and Firing Console and part ;
of the Instrumentation Console.

The/pressure transducers were driven with B&F Input
) Signal Cpnditioners. These units have a ripple level of less
oo than 0.5 milliv,lts peak to peak and were used to supply 10
volts d.c. excitation signal. The pressure signals coming
’ from the transducers were amplified by DANA (Models No. 3420
b and 3520) d.c. amplifiers. Model 3520 has built-in filters
with band pass widths ranging from wide band and 10 KC down
to 0.01 KC. The amplified pressure signals were recorded on
a Honeywell Visicorder (Model No. 1508) dir.ct-recording
oscillograph. The Visicorder used is capable of recording
simultaneously on up to 12 active channels, using light-
sensitive paper. The galvanometers used were Honeywell
Series "M" sub-miniature, fluid damped, Type No. M1000 and
M1650 with nominal undamped natural frequency of 1000 and
165C cps, respectively. The visicorder was usually operated
at its maximum speed, 120 inches of paper per second, with
10 millisecond timing marks. More details on the instrumen-
tation used for the pressure measurements and recording can
be found in the Instrumentation Manual206 for the Solid-
Propellant Test Cells in the Guggenheim Laboratories of
Princeton University, and in Ref. 74.

FRE Y XN

The photographic observations were made by taking high- -
speed motion pictures with a 16 mm Wollensak Fastax camera
(Model WF-16). Both black and white (using DuPont 931-A
rapid reversal film) and color (using Kodak Ektachrome EF
film) movies were taken. Operating speeds of 1200, 2000
and 4000 fps were used. The camera was synchronized with
the experimental test so that the operating speed of the
camera was attained before first ignition. Two neon timing
lamps were used with the photography. The synchronization
timing lamp was connected to a cam of the ignition sequence
| timer to generate a signal shortly after ignition, which was )
: f recorded simultaneously on the oscillograph and the film for :

\ synchronization. The second lamp was connected to a signal !
generator and produces timing murks every millisecond of real !
time on the film. ;
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Lo Data reduction of eight simultaneous records per test i
TR is a tremendous b if not performed in an automatic manner. :
§ In the later stages of the study analog-to-digital conversion
: \ (A - D) was used to reduce and process the data. The Datucom
i Data Acquisition System (Model 8015) used in this study is !
: apable of acquiring analog data from up to 64 sources at a :
tytal sampling rate of 40,000 per sec. The analog channels .
ary multiplexed, converted to 12-bit binary words by a Ray-
thedn A-D Converter and recorded on a 9-track magnetic tape
compatible with the IBM 360/91 computer. The data is recnrded
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in blocks which are stored in the system memory with a capac-
ity of 2048 bytes. When a block is complete it is transfer-
red antomatically to the tape, while the next block is being
filled. The Datacom system was used simultaneously with the
Visicorder oscillograph during both calibration and test re-
ccrding. Proper wiring and grounding was made to che Datacom
system to make it compatible with the Visicorder. The data
recorded on the tape was demultiplexed, converted back to
pressure readings, and analyzed using an IBM 360/91 computer
by means of a program specially written for this purpose.
Typical use of the Datacom system in this study included re-
cording of the five motor-pressure measurements at total
sampling rate of 10,000 readings per second (or 2,000 readings
per channel per sec) and block length of 1800 bytes with the
pressurization part of the transient included in one block.

A mean deviation of less than 1% was obtained between pressure
vs time plots from manual reduction of Visicorder records and
those processed by using the Datacom system. The mean devi-
ation is defined here as the ratio between the area enclosed
by the twe p - t plots obtained from the two systems and
the area enclosed by the Visicorder plot and the time axis.

Figure 19 shows the Solid Propellant Test Cell Instru-
mentation Console and the Datacom Data Acgquisition System
with the related wiring before a test.

D. Experimental Test Series

The major parameters varied in the experimental study
were the port-to-throat area ratio and the igniter mass flow
rate. According to the four port-to-throat arec ratios used,
2.0, 1.5, 1.2 and 1.06, four series of runs were conducted,
designated C, D, E and F, respectively. In each series 5 to
6 tests were carried out with different igniter mass flow
rates, ranging from 8.5 to 21.5 g/sec. 1In all these runs the
gaseous igniter was operated at close to stoirhiometric fuel-
oxidizer mixture ratio, yielding a theoretizal adiabatic
flame temperature of 3460°K at 21 atm as described in Section
8 of this Chapter. The same composite propeliant, the prop-
erties of which are listed in Table 1, was used in all experi-
mental tests. The purpose of these run series was to test
the entire experimental set~-up, investigate the effects of
port-to-throat area ratio and igniter mass flow rate on the
varicus characteristic transient parameters of interest and
check the validity of the analytical model. Several early
experiricnts were conducted at the start of the experimental
program to check reproducibility of test results. For the
same igniter mass flow rate very gcod reproducibility of
pressurization rates and maximum pressure was obtaired. 1In
all test motor runs p(t,x) measurements were taken. and in
some runs photographic observations were made. In 2ddition
to the aforementicned four series of runs several particular-
ly diagnostic experimental tests were carried out as described
in the following paragraphs.
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i An experimental test was conducted at Ap/A¢ = 1.2 with
the igniter operating at an equivalence ratio of 1.35, which
yields a theoretical adiabatic flame temperature of 3360°K,
to confirm experimentally the findings of the theoretical
calculatioiis about the effect of igniter gas temperature.

An experimental firing was carried out with shorter pro-
pellant slabs (33.0 cm loag) in the upstream part of the pro-
pellant section., The PBAA/TiO; mixture was applied in a thin
: layer over the downstream tray surface to check: (1) the
it validity of the assumption that PBAA/TiOj leyer has approx-

i imately the same thermal properties as the propel!lant, and

- (2) the effect of propellant grain lenath for the same config-

uration on the transient.

Liquid quench experiments were conducted to find the
erosive burning exponent of the propellant and to check the
validity of the analytical model in the post-transient period
by measurements of distance burned. A quench system based on
the study of Strand and Gerber207 was designed, built, and
successfully operated. Water was injected simultaneously
through five ports along the motor. Check valves just up-
stream of the injector heads prevented entry of the combus-
tion gases into the system. The vater jets bounced oi. the
opposite wall in small droplets and thus propellant surface
cutting was avoided. Small amounts of water (as little as
5 gms) injected in 10 msec caused a complete extinguishment
in 3 msec. It was discovered in the quench experiments that oo
the Plexiglas window does not ablate even when the test time
is extended to the period of steady-state operatiocn. This
means that no corrections are necessary inr the analytical
model for port area changes and for mass addition resulting
from Plexiglas regression during the transient period.

Techniques for direct photographic measurements of burn-
, ing rate during the transient and thereafter were attempted

: during the course of this study. The techniques were not

‘ developed fully since burning rate measurements were not con-
sidered a primary goal in the study. A promising technigque
tried with a partial success in the investigation wiil be
mentioned. The propellant was cast simultaneously in the two
opposing trays and then bonded to and polymerize~” wita 3
Plexiglas window, which was connected by screws to the trays.
The propellant grain-window assembly is depicted in Fig. 20.
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CHAPTER VI

DISCUSSION OF RESULTS

Diagnostic experimental tests and corresponding numeri-
cal calculations weie conducted with AP composite propellant
at port-to-throat area ratios of 2.0, 1.5, 1.2 and 1.06 with
igniter mass flow rates ranging from 8.5 to 20.5 g/sec.
Table 1 lists the baseline values of propellant properties
and motor parameters used in the calculations. These values
correspond clcsely to the experimental condi :ions in all
tests. A datum case was defined at Ap/A¢ = 1.2 and mjgq =
15.0 g/sec using the baseline values of Table 1. It was so
selected because port-to-throat area ratio of 1.2 and oper-
ating pressure of about 40 atm represent a realistic goal
for high-performance motors that designers presently cannot
analyze with confidence. The results of the experimental
study are listed in Table 2. Table 3 summa.izes the results
of the theoretical parametric study about the datum case and
calculations corresponding to experimental tests. A list of
input values for the datum case calculations is presented
in Ta%le F1 (see end ¢f Appendix F). Typical calculated
Mach and Reynolds numbers during the transient for the dif-
ferent port-to-throat area ratios tested are given in Table 4.

A. Comparison Between the Theoretically Predicted and
Expermentally Measured Pressure-Time-Space Traces

Typical starting transient p(t,x) measurements, ob-
tained during expe: imental tests at the five measurement
stations (denoted in Fig. 2) at port-to-throat area ratios
c” 2.0, 1.5, 1.2, and 1.06 are skown in Figs. 21 through 24,
rc pectively. By recalling Fig. !, it is seen that HVT motors
z e operating in a pressurization regime which is totally
different from that in the ignition studies of Most and Sum-
merfield.®> The plots show clearly the strong time and space-
depe.adence of motor pressure during the transient and thus
demonstrate the necessity of this analysis. Consider the
starting pressure transient depicted in Fig. 23. Following
a small pressure wave caused by the onset of igniter flow,
an almost uniform pressure distribution at 1.2 atm was estab-
lished in the motor cavity. At 36 msec after the igniter
start, a flame was observed (on high speed photographs) at
the leading edges of the prope.lant slabs and flame spread-
ing begins, accompanied by increase of pressure. The pressure-
rise at station 3 (middle of motor) starts later but increases
ac the fastest rate. Pr2ssure peaks are achieved at 72 msec
at the fore-end (station 1) and at 73.5 msec at the aft-end
(station 5).

A:ial variation of pressure increases as Ap/Ay decreases.
In all tests, the pressure measured at station g was almost

identical to that measured at station 1 (fore-end of motor)
due to the igniter-motor configuration and the low Mach num-~
bers at the fore-end part of the propellant section.
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Comparisons between typical measured and calculated (by
the analytical model) pressure-time curves at stations 1, 3,
and 5 for port-to-throat area ratios of 1.5, 1.2, and 1.06
are shown in Figs. 25, 26, and 27, respectively. Also shown
in these fiqurrs are the pressure-time traces calculated for
no erosive burning and the calculated pressure-time point of
flame spreading completion. In general, very jood agreement
between measured and calculated pressure~time plots is observ-
ed. The only input variable adjusted to achieve wgreement
was the erosive burning exponent £. However, in future B8
can be established a priori by erosive burning tests (such
as burnt distance vs x measurements after extinguishment
shortly after the transient). It is emphasized that no ad-
justments in parameters ire made during the parametric stud-
ies. The solution of the analytical model predicts precisely
the initial development of pressure distribution at the onset
of igniter and the following nearly constant pressure distri-
bution during the induction interval (not shown in Figs. 25
through 27). Agreement within 10% between measured and cal-
culated time to first ignition (i.e., occurrence of first
flame on propellant surface) and time to attain the maximum
fore-end pressure is obtained for all comparisons at port-
to-throat area ratio of 1.2, 1.5, and 2.0. No ignition time
measurements were made at Ap/At = 1.06. The agreement between
measured and calculated time to attain the maximum fore-end
pressure for this case is within 15%.

An agrement within 10% (in most cases less than 5%) is
obtained between calculated and measured pressure-peak values
at all stations and for all port-to-throat area ratiocs inves-
tigated. The largest disagreement is observed at AP/At = 2.0.

For Ap/At = 1.2, 1.5 and 2.0, during the flame spreading
period the calculated pressure is usually slightly lower than
the measured pressure, whereas during the chamber filling,
the calculated pressure is slightly higher than the measured
pressure. It should be mentioned that this type of deviation
between the calculated and measured pressure transient is the
same as the one obtained by Most and Summerfield> /15 for
motors with high port-to-throat area ratio using the dynamic-
temperature homogeneous model. A possible explanation for this
deviation may be, for instance, increased heat transfer to the
propellant due to surface roughness at the early stages of
flame spreading, and attenuated heat transfer tc the unignited
propellant surface at the later stages of flame spreading due
to considerable blowing from the surface, when the ignition
tenperature is approached.

For A,/2. = 1.06, all calculated pressure-time plots pre-
cede the experimental ones. The maximum deviation in the
time-axis direction for the range of igniter mass flow rates
tested is 15%. For the same igniter mass flow rate, as the
port-to-throat area decreas:s the velocity over the propellant
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leading edge increases and the pressure decreases. The phe-
nomenon of delayed ignition_at high gas velggities was observ:
ed and discussed by McCune,29 Kling, et al, Keller, Baer,
and Ryan,6 164 and Bastress and Niessen.’9 The explanation

of Keller, Baer, and Ryan is recalled here; as the gas veloc-
ity is increased, reactive species at or near the surface are
being increasingly diluted and swept away by the fast-moving
gas. This is consistent with the research of Kashiwagi and
co-workers, 60 which shows that the gas-phase kinetic processes
are important during ignition, and increased flow velocity
shifts the ignition position downstream in the case of a gas-
phase igrition model. At Ap/A¢ = 1.06 and low to moderate
igniter mass flow rates the pressure in the experimental motor
(cs .- every HVT motor) is very close to the ambient The
increase of ignition delay time when lowering the pressure
(and a,.proaching the atmospheric pressure) at moderate to high
surface heat fluxes has bggn Sgserved and studied by many in-
vestigators.32'34'69'70'2 '2 In this study, typical cal-
culated convective heat flux at the propellant leading edge
(average for the induction interval) for Ap/At = 1.06 and

mjg = 17.2 g/sec was 42 cal’/cml-gec.

It should be noted that in many tests using photography
start of pressurization in the motor chamber was measured
before any ignition has been observed (typically a pressure-
rise of 1 to 2 atm over the pre-ignition level). This may
be a result of a pre-ignition decomposition-gasification of
the solid-propellant. The reduced cooling of the igniter
gas due to surface temperature increase, as calculated by
the analytical model, does not cause a substantial change in
chamber pressure.

The contribution of erosive burning to the increase of
pressure is seen in Figs. 25 through 27. It may be defined
as the ratio of maximurn fore-end pressure calculated with
erosive burning to the maximum fore-end pressure calculated
without erosive burning. For the propellant used in this
study (see Table 1) and the burning rate law given by Eg.
(III-35), the aforementioned ratio is approximately the same
for all values of A /A tested, and equals 1.5. This means
that in terms of magimum pressure, the burning rate increase
along *he port due to erosive burning is fully compensated
by the burning rate decrease due to the significant pressure
drop. Indeed, the high value of the pressure exponent (n =
0.4) shows high pressure sen.:itivity, whereas the large value
of the erosive burning exponent (B = 105) represents low
sensitivity to erosive burning. With respect to motor design,
this conclusion points out the feasibility of using propel-
lants with relatively large values of n and £ in high-
performance rocket motors without facing unacceptably high
fore-end pressures. In the range tested, the erosive burning
contribution is only slightly affected by the igniter mass
flow rate, due to its small magnitude as compared to the mass
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added from the propeilant burning. Tbhe ratio of steady-state
igniter mass flow rate (mjq) to maximum mass flow rate out of
the nozzle varied between 3 and 6%, as listed in Table 3.

One of the principal advantages of the aralytical model
is the ability to calculate spatial, as well as temporal,
variations of gas parameters. Measured and calculated spatial
pressure distributions at four illustrative times (correspond-
ing to different stages of the transient) of Run D-9 (A /At =
1.5) are compared in Fig. 28. Calculated spatial velocgty
and temperature distributions at the same times are plotted
in Figs. 29 and 30, respectively. These plots correspond to
the pressure-time traces in Figs. 22 and 25. The changes in
velocity distribution during the transient are well depict .d
in Fig. 29. During the induction interval there is a 1-. e
velocity decrease along the port due to gas cooling. Du.ing
flame spreading there is velocity increase upstream of the
ignition front (due to mass addition) and velocity decrease
downstream of the front. After the completion of flame
spreading the gas velocity increases considerably in the
propellant section and changes only slightly in the aft sec-
tion.

To show the effect of port-to-throat area ratio, the
pressure, velocity, and temperature distributions at the
different stages of the transient for a test with A /AL =
1.06 are plotted in Figs. 31, 32, and 33, respectively.
These plots correspond to the pressure-time traces in Figs.
24 and 27.

The significant changes in gas parameter distributions
during the transient are well described in Figs. 28 through
33 and they emphasize the need for a distance and time
[p(t,x)] analysis for proper prediction and control of the
starting transient of HVT motors.

B. Ignition Delay Times, Flame Spreading, and Pressurization
Rates

Most of the photographic observations were made at port-
to~-throat area ratio of 1.2. The event of first ignition was
relatively easy to detect, whereas flame spreading photography
was only partially successful as explained later in this sec-
tion. First ignition, when detected, always appeared at the
propellant leading edge. Figure 34 shows the measured and
calculated effect of igniter mass flow rate on the ignition
delay time tig (defined as the time from onset of igniter
to the first appearance of flame on the propellant surface)
for motor test series "E" (A, /A, = 1.2). From the thermal
ignition theory, assuminog an inert propellant being heated
by a constant heat flux at the surface and a prescribed sur-
face temperature for ignition, it is deduced that the square
root of the ignition delay time is inversely proportional to
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the surface heat flux. If a turbulent flow correlation for
the convective heat-transfer coefficient is used [such as
Dittus -Boelter correlation, Eq. (III-21)], it follows that

v mj, 1.6, However, actually, the surface heat flux is

constant during the induction interval, because is
not a step function of time (see Fig. 14), the heat- *ragsfer
coefficient is coupled to the varying gas dynamics in the
motor chamber, and the rising surface temperature decreases
the driving temperature difference. Figure 35 shows the
variation with time of the calculated heat flux at the pro-
pellant surface at three different positions along the motor
corresponding to pressure measuring stations 1, 3, and 5 (see
Fig. 2) for a test with A = 1.2. The calculation is made
in accordance with the exgerlmental variation of igniter mass
flow rate (see Fig. 14), such that steady-state value and 80%
of it are obtained 12 msec and 2 msec after the onset of ig-
niter, respectively. The shape of heat-flux variaticns shown
in Fig. 35 are typical for the calculated distributions in
this study. Figure 36 shows the calculated propellant sur-
face temperature vs time at the same positions and for the
heat flux variations as shown in Fig. 35.

e R, e p— W TEve o

The slope of the log tjgq vs log mjg plot on Fig. 34 is
-1.5. Similar plot of three measured ignition times (not
shown here) for Ap/Aty - 2.0 (see Table 2) shows a slope of
-1.42. For constant q and mj it would mean that tur-
bulent flow (although not fully geveloped) existed over the
propellant leading edge. Calculated ignition delay times vs
igniter mass flow rate for the four port-to-throat area
ratios tested are shown in Fig. 37. The slope of the calcu-
lated lines varies between -1.25 and -1.35, which means that
the aforementioned factors (acccunted for in the analysis)
affect the calculated ignition delay times. For the same
igniter mass flow rate in the rance investigated, calculated
igrnition delay times decrease slightly when increasing A /A¢
between 1.06 and 1.5. No photographic measurements were
made at Ap/At = 1.06.

High-speed photography of fast flame spreading is a
difficult task. Flame propagation appears to be more like
an increasing cross-sectional density of ignited points rather
than a well-defined advancing flame front. Ignition spots
appear at random downstream of the fully ignited surface.
This may be caused by an increased heat transfer at local
surface irregularities. The same phenomenon was observed by
Mitchell and Ryan, s1,82 by Keller, Baer, aud R an
McAlevy, et al, 0’ and by Most and Summerfield. é Flgure
38 shows calculated and measured locations of the flame
front versus time for an experimental test with port-to-
throat area ratio of 1.2. Typically, at the beginning of N
flame propagation experimentally measured rates are aigaer
than the calculated and this difference reverses toward the
end of the process. Flame propagation rates ranging from
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920 cm/sec to 19,800 cm/sec at the start and the end of the
process, respectively, were obtained for A /Ay = 2.0 and

mjg = 19.5 g/sec. Calculated initial flame spreading rates
infrease substantially with increasing igniter mass flow rate
but do not show an effect of Ap/At, as seen in Fig. 39. The
few experimental data are in agreement with the former obser-
vation but are insufficient to verify the latter. Calculated
flame spreading times, however, show that for the same igniter
mass flow rate (and chamber geometry), the average flame
spreading rate decreases with Ap/Ay. The larger throat area
results in lower pressures (and thus lower burning rates) and
lower heat flux, because for the propellant and geometry used
in this study, the effect of lower pressure overcomes the
effect of higher velocities.

With respect to the total pressure rise, the calculated
pressures at the instant of flame spreading completion vary
from 25 to 30% of the maximum pressure for Ap/At = 2.0 to
50 to 55% for Ap/At = 1.06.

For all port-to-throat area ratios tested, the highest
pressurization rates in the tests were measured at station 3
(middle of motor), as seen in Table 2. The maximum pressur-
ization rates at the motor fore-end (station 1) were slightly
lower. As far as the numerical calculations are concerned,
the maximum calculated pressurization rates were usually ob-
tained at a position between stations 2 and 3. Both measured
and calculated maximum pressurization rates are obtained at
the instant of f{lame spreading completion »>r immediately
thereafter.

Measured and calculated meximum pressurization rates at
station 1 vs igniter mass flow rate for the different Ap/At
tested are plotted in Figs. 40 and 41, respectively. Fore-
snd maximum pressurization rates as low as 3,000 atm/sec for
Ap/Ap = 1.06 and mj, = 15.1 g/sec, and as high as 6,800 atm/
sec for Ap/Ay = 2.07and my, = 19.5 g/sec were measured. The
calculateg rates are greatgr than the measured ones on the
average by a factor of 2. The maximum pressurization rate
increases with both the igniter mass flow rate and the port-
to-throat area ratio. The former effect is less pronounced
experimentally than theoretically. The maximum pressurization
rates decrease as the distance from the fore-end increases
and this decrease is larger as Ap/At is smaller.

The test with shorter propellant trays (see Table 2)
demonstrates the validity of the assumption that the PBAA/
TiO; coating and Plexiglas window can be treated as having
the same thermal properties as the propellant. It also shows
the effect of burning-to-throat area ratio on pressurization
rates and maximum pressures.
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C. The Thrust Transient

Prediction and control of the thrust transient require
knowledge of the transient stagnation pressure at the nozzle
entrance, p s besides qualitative knowledge of the unsteady
phenomena taﬁlng place in the nozzle. The calculated tran-
sient variation with time of the fore-end and aft-end (nozzle
entrance) static pressures and the aft-end stagnation pressure
for a test with Ay/A. = 1.2 are shown in the upper part of
Fig. 42. The lower part of the same figure shows the varia-
tion with time during the transient of the ratio of aft-end
stagnation pressure (pgg) to fore-end static pressure (pj).
The stagnation pressure is calculated from the static pres-
sure and velocity. During the induction interval p,g 1is
higher than pj; by 15 to 20% since the effect of gas cooling
along the port is greater than the effect of friction. After
first ignition, the ratio pag/p1 drops gradually to a mini-
mum of 0.73 and increases afterward to the steady-state value
of 0.844. After the completion of flame spreading the stag-

i nation pressure decreases along the port due to the dominant
effect of mass addition. Figure 42 illustrates the conclu-
sion that ~calculation of the thrust transient of HVT motors
by using measured or calculated fore-end static_(or any
"uniform") pressure is improper and misleading.21

!

%

i

I Ve v -

Figure 43 shows the effect of Ap/A¢ on calculated (in
this study) ratios of maximum static and stagnation pressures
at motor aft-end to maximum motor fore-end pressure. The
obtained values correspond closely to the values calculated
by using the steady-state approach of Price2l0 and the base-
line quantities listed in Table 1.

D. Parametric Studies

l. Effect of Igniter Mass Flow Rate

The igniter mass flow rate was the major variable
in the experimental study. 1Its large effect on the ignition
delay time and flame spreading rates, and small effect on the
maximum pressurization rates is described in Section B of
this Chapter. Experimental and calculated maximum fore-end
(station 1) pressures vs igniter mass flow rate for the dif-
ferent port-to-throat area ratios tested are plotted in Fig.
; 44. A cross-rlot of calculated maximum fore-end pressures
N ’ vs Ap/A¢ for two igniter mass flow rates is shown in Fig. 45.

‘ The maximum fore-end (and in other stations as seen from
1 Tables 2 and 3) pressure increases slightly when increasing

: mig, as expected. The calculated rate of increase is higher
at Ap/At = 2.0, than at the other port-to-throat area ratios.
For a given igniter mass flow rate (and the constant config-
uration under consideration), the pressure level rises fast
when increasing Ap/At (by decreasing the nozzle throat area),
as illustrated in Fig. 45.
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The aforementioned effects and trends apply to the range
of my tested. They may change direction or be overcome by
other éffects at extreme cases of marginal mjy (causing a
hangfire) or very high mj,. An experimental fest at Ap/At
= 1.2 and mMig = 8.5 g/sec shows higher maximum pressuriza-
tion rate and pressure peak than expected from the trend de-
duced from tests at higher mjq (see Figs. 40 and 44). This
is an example of dynamic-burning effect caused by long pre-
heating of the propellant.

Calculated pressure delay time (time from igniter onset
to the instant at which 10% of the maximum pressure is attain-
ed at the fore-end, tgp) and time to attain maximum fore-end
pressure are plotted vs Ap/A¢ in Fig. 46 for two igniter mass
flow rates. Both times decrease appreciably when increasing
mjq (see also Tables 2 and 3). For A /A, = 1.2 increase of
mig from 11.5 to 19.5 (by 70%) decreases tgp from 77.5 to
370 msec (by 52%).

2. Effect of Igniter Gas Temperature

The effective igniter gas temperature (Tjg) has a
strong effect on the ignition delay time and the initial flame
propagation rate {or the total flame spreading time) and thus
affects the starting transient in terms of time. Increase of
Ti by 10% at the datum case (see Table 3) shortens the ig-
nition time by 24% and the flame spreading time by 14%, and
has no effect on maximum pressure Oor maximum pressurization
rate, because mj, becomes a small fraction of the total
mass flow rate in"the motor in the early stages of the flame
spreading process.

3. Effect of the Heat-Transfer Coefficient

The convective heat transfer correlaticn affects
strongly the induction period and flame spreading process.
An increase of the coefficient a; in Eq. (III-31) from
1.56 x 1073 to 1.704 x 10™3 (by 9.2%) at the Datum Case
shortens the ignition delay time by 13% and the flame spread-
ing time by 9%, and increases slightly the maximum pressur-
ization rates. If the effect of Ap/Ay on the heat-transfer
coefficient (see Section D, Chapter TII) is not considered,
there is slight reduction in ignition delay and flame spread-
ing times when A,/A¢ is increased frcm 1.2 to 1.5, using the
same expression gor the heat-transfer coefficient and the
same igniter gas temperature (see Table 3).

4. The Effect of Friction

The gas dynamic effect alone of friction is to re-
duce ignition delay and flame spreading times when the fric-
tion coefficient is increased, because increased friction
causes higher pressure distribution in the port, and thus
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i increased heat transfer to the propellant. For Ap/A, = 1.5

' and mj, = 11.5 g/sec, use of 10 times smalier friction co-~ ,
efficiegt [by multiplying Egq. (III-33) by 0.1] prolongs the }
ignition delay and flame spreading times by about 5%. This J
proves that wall-friction terms have to be included ..n the

‘ analysis if precise predic'ion of the aforementioned times

is needed. However, the effect of relative surface roughness

is small and decreases further with increase of the port

diameter. For example, for the datum case (A,/Ay = 1.2,

mj, = 15.0 g/sec), an increase of the relative equivalent

safd roughness (eg/dy,) from 10-3 to 1072 shortens the

ignition delay time gy approximately 5% and the flame spread-

ing tii.e by approximately 2%.

B

5. The Effect of Uncertainty in Propellant Properties

Uncertainty in the propellant thermal properties
affects the induction and flame spreading periods. Figure
{7 shows the effect of uncertainty of 20% in the propellant
thermal conductivity (and thermal diffusivity, accordingly)
on the fore-end pressure transient for Ag/A;y = 1.2 and
mjg = 15.0 g/sec. The effect is also seen 1in Eq. (III-50). ]
The ignition delay and flame spreading times are shorter by
20% and 16%, respectively, if Ap, 1is smaller by 20%. The
propellant ignition temperature (Tps,ig) has, apparently, a
similar effect.

The burning rate law affects, cbviously, mostly the © e
later part of flame spreading process and the entire chamberxr
filling period. Therefore, for the same configuration, max-
imum pressurization rates and pressure levels are determined
by the function r(Tyi,P,pu). For example, changing the
erosive burning exponent (B) from 105 to 115 for the datum
o case results in about 5% decrease in the maximum calculated
é fore-and pressure and pressurization rates.
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For the configuration and range of investigation consid-
ered, the parametric study may be summarized as follows:

The ignition delay and flame spreading times decrease
with:

(1) increasing the igniter mass flow rate, m;.;
\ (2) increasing the igniter gas temperature, Tiq’
(3) increasing Ap/At (in part of the range);

(4) increasing the constant coefficient in the correla-
tion for heat-transfer coefficient;

(5) increasing the relative propellant surface roughness;
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(6) decreasing the thermal conductivity of the propel-
lant, Aprr and ‘

(7) decreasing the ignition temperature of the propel- f
lant, T - ¢
ps,1ig
The maximum chamber pressure and pressurization rate
! increase with:

(1) increasing the igniter mass flow rate, mig’

b (2) increasing the burning surface-to-throa'. area
ratio, Ab/At:

e w— e

(3) increasing the burning rate with respect to a
reference value at given Tpi’ p, and »pu;

(4) increasing Ap/At’ and

(5) decreasing the distance from the motor fore-end
part.

The dependence of the starting pressure vs time curve
shape upon various important parameters is shown schematically
: in Fig. 48.
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CHAPTER VII

SUGGESTIONS FOR FUTURE STUDIES

A. Extension of the Analysis

The next step in the investigation of the starting tran-
sient of HVT motors is extension of the model and analysis
developed in this study to various classes of propellants
and confiqurations. Certain applications (e.q., use of high-
ly aluminized propellants) may require modification of the
analysis and relaxation of some assumptions. However, the
model is a detailed and fundamental one and any modifications,
such as using different burning rate laws, inclusion of radi-
ative heat transfer and consideration of various burning
surface vs burnt distance functions can be easily introduced.
Accompaniment of the analysis extension by experimental
studies or results will verify the validity of the model and
guide the necessary modifications. Increased versatility of
the analysis will be very helpful to designers of high-per-
formance rocket motors. In particular, the techniques should
be extended to include the radial flow effects in segmented
motors.

B. Study of Extreme Cases

The analysis of extreme cases, such as marginal igniter
mass flow rate leading to hangfires or misfires, and over-
sized igniter resulting in high pressure peak, is very impor-
tant to the proper desigr and performance of solid-propellant
rocket motors. Study of the effect of marginal igniter on
the transient may require consideration of exothermic pre-
ignition reactions.” Analysis of vigorous ignition by over-
sized igniter, on the other hand, may require consideratioas
of dynamic burning contribution.

The study of both cases as well as the broadening of the
parametric study presented here are recommended as leading to
further understanding and ability to control the starting
transient. of HVT notors.

C. Heat-Transfer Correlation

Due to the importance of the heat transfer correlation
to proper transient analysis and prediction, it is recommended
to conduct studies for determination of this correlation for
HVT motors under different practical conditions. The experi-
mental motor used in this study is an excellent tool for such
investigations. Experimental heat-flux msagiiggfgt and perti-
nent numerical computation techniquesblv ’ ' are contin-

uouely developing. Detailed knowledge of the fluid dynamic
flow characteristics is al§8 égportant and m~ be obtained by
' Proper ev~ uation of the

opticai recording methods.
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effects and phenomena discussed in Section D, Chapter III is
necessary fcr determination of the heat transfer to the pro-
pellant surface. The more is known about the heat transfer
process, the better the prediction and control of the tran-

sient become.

D. Burning Rate Laws

The analysis developed in this study considers a burning
rate which is a function of the initial propellant tempera-
ture (T_..), pressure [p(t,x)], heat transfer coefficient
[hc(t,x?} and mass velocity [p(t,x)u(t,x)], specific for the
propellant investigated. One of the conclusicns (see Chapter
VIII) is that improvement of the analysis and prediction as
applied to HVT motors may be obtained by consideration of
unsteady (dynamic) burning, as discussed in Section F, Chap-
ter III and in Appendix C. This calls for a .road theoreti-
cal as well as experimental study of the coupled effect of
erosive and dynamic burning. Analytically, a burning rate
law of the following general form is needed:

r(t,x) = IO[Tpi;P(tpx) ]F[p(tlx)u(tlx) I'g'%(t’x) 'Tpr (tIXIY):]

Experimentally, the microwave dopplei ghift technique devel-
oped by Shelton?l4 and strand, et al¢l® is very promising.
The direct photographic approach described in Section D,
Chapter V may be considered too.
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CHAPTER VIII

SUMMARV AND CONCLUSIONS

A successful analytical model was developed to describe
and analyze the entire starting pressure transient of solid-
propellant rocket motors with low port-to-throat area ratios,
resulting in high inte:aal gas velocities. The model was
formulated in a general way, which enables an easy extension
of application over a wide range of propellants and motor
configiurations. The flame spreading is coupled to the cham-
ber gas dyvnamics through the solid phase heat equation and
the ignition criterion. Velocity, pressure, and temperature
variations can now be calculated as a function of time and
axial distance.

A suitable numerical method was developed for an effi-
cient solution of the complicated mathematical model. The
pre ure transients, calculated by the analytical model are
in close agreement with the p(t,x) measurements in an exper-
imental ..otor, utilizing a head-end, pyrogen-type ignition
system.

In comparison with previous studies, as reviewed by
Most and Summerfield ir. Ref. 5 and in thi. work, the essential
new esLements in this study are:

(1) ability to consider significant pressure, velocity
and temperature spatial gradients, encountered in
HVT (High Velocity Transient) motors and their
variation with *ime during the starting transient;

(2) calculation of the propellant surface heating-iLo-
ignition coupled to both temporal and spatial chang-
es of flow parameters in the chamber during the
induction and flame spreading periods;

(3) techniques to account for the strong contribution
of erosive burning, coupled to the chamber gas
dynamics;

(4) accounc for axial variation of the port area during
all three phases of the transiant, and

(5) ability for mo.e precise transient thrust calcula-
tion and control.

For port-to~throat area ratios of 1.2, 1.5 and 2.0 an
agreement within 10% between calculated and measured ignition
delay times, flame spreading rates, pre3sure peaks, and ‘.imes '
to attain the pressure peaks was obtained. For A,/ = 1,06
deviations of up to 15% in time were caused by th: high gas
velocities anéd low induction pressures. Better agreement in

\-.‘.‘,&m & o _ am ‘ g R,
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this case may be obtained by appropriate ignition criterion.
Maximum pressurization rates as low as 3,000 atm/sec for
poct-to-throat area ratio (Ap/A.) of 1.06 and igniter mass
flow rate (mjy) of 15 g/sec, an§ as high as 7,000 atm/sec
for A,/Ar = 2.0 and Mmig = 19.5 g/sec were measured. The
highest pressurization fates in a test were obtained in the
middle of the motor, with slight decrease upstream and large
decrease downstream of mid-motor.

Par_metric studies have shown that ignition delay and
flame spreading times decrease with increasing: (1) the ig-
niter mass flow rate and temperature; (2) A /A, between
1.06 and 1.5; (3) the leading constant in the correlation
for heat-transfer coefficient, and (4) the relative propel-
lant surface roughness. The aforementioned times decrease
with decreasing the thermal conductivity and ignition tem-
~zrature of the propellant. The maximum chamber pressure
.nd pressurization rate increase with increasing: (1) the
igniter mass flow rate; (2) the burning surface-to-throat
area ratio; (3) the burning rate, (especially the sensi-
tivity to erosive burning), and (4) A,/A:, and with decreas-
ing the d! stance from the motor fore-end part.

When more precise calculation of the starting transient
is required in particular investigations and applicaticns, it
can be obtained by using more comprehensive correlations for
the convective heat-transfer coefficient and the burning rate,
by taking into account effects, such as increased heat trans-
fer to rough propzllant surfaces, attenuation of heat transfer
by the "blowing" at the propellant surface due to pre-ignition
gasification, unsteady burning, resulting from preheating dur-
ing the induction interval and high pressurization rates dur-
ing the chamber pressure rise, and turbulent boundary layer
structure. For very high gas velocities, an ignition crite-
rion different from that of attaining a critical surface tem-
perature for ignition is needed. Study of coupled erosive and
dynamic burning may improve the applicability of the analysis
presented.

The experimental system can be readily used to conduct
various diagnostic tests, pertinent to modern rocket motors,
e.g., heat-flux measurements, start-stop control, propagation
of pressure perturbations, and fast ligquid-quench extinguish-
nent.

The results of this study are useful to designers of
high-performance solid-propellant motors. In particular, by
using the technigues developed in this work and the results
obtained, the designer can prescribe the upper limit of volu-
metric loading density, that can be used, xnd predict more
accurately the pressure-thrust-time motor performance duringry//

U

the starting transient.




b ol B

1o,

11.

~-79-

REFERENCES

Adams, D. M., "Igniter Performance in Solid-Propellant
Rocket Motors," Journal of Spacecraft and Rockets,
Vol. 4, No. 8, Aug. 1967, pp. 1024-1029.

DeSoto, S. and Friedman, H. A., "Flame Spreading and
Ignition Transients in Solid Grain Propellants,"
AIAA Journal, Vol. 3, No. 3, March 1965, pp. 405-412.

Parker, K. H., Most, W. J., and Summerfield, M., "The
Ignition Transient in Solid-Propellant Rocket Motors,"
Astronautica Acta, Vol. 12, No. 4, July-Aug. 1966,

pp. 245-257.

Bradley, H. H., Jr., "Theory of a Homogeneous Model
of Rocket Motor Ignition Transients," AIAA Preprint
No. 64-127, Jan. 1964.

Most, W. J. and Summerfield, M., "Starting Thrust
Transients of Solid Rocket Engines," Aerospace and
Mechanical Sciences Report No. 873, July 1969, AMS
Department, Princeton University, Princeton, N.J.

Sforzini, R. H. and Fellows, H. L., Jr., "Prediction
of Ignition Transients in Solid-Propellant Rocket
Motors," Journal of Spacecraft and Rockets, Vol. 7,
No. 5, May 1970, pp. 626-628.

Threewit, T. R., Rossini, R. A., and Uecker, R. L.,
"The Integrated Design Computer Program and the ACP-
1103 Interior Ballistics Computer Program,"” Report
No. STM-180, Dec. 1964, Aerojet-General Corp., Sacra-
mento, Ca.

Barron, J. G., Jr., Cook, K. S., and Johnson, W. C.,

"Grain Design and Internal Ballistics Evaluation Pro-
gram (IBM 7094 Fortran 1IV)," Program No. 64101, June
1967, Hercules Powder Co., Bacchus Works, Magna, Utah.

Vellacott, R. J. and Caveny, L. H., "A Computer Pro-
gram for Solid Propellant Rocket Motor Design and
Ballistic Analysis," ARS Preprint No. 2315-62, Jan.
1962.

Anon., "Solid Propellant Rocket Motor Internal Ballis-
tics Computer Program (Program Manual)," Report No.
RK-TR-67-7, Sept. 1967, The Boeing Co., Seattle, Wash.

Miller, W. H. and Barrington, D. K., "A Review of Con-
temporary Solid Rocket Motor Performance Prediction
Techniques," Journal of Spacecraft and Rockets, Vol. 7, .

No. 3, March 1970, pp. 225-237.




-

12.

13.

14.

15.

l6.

17.

18.

19.

20.

21.

22.

23.

-80--

Miller, W. H., "Solid Rocket Motor Performance Analysis
and Prediction," NASA Monograph SP-8039, May 1971.

Paul, B. E., Lovine, R. L., and Fong, L. Y., "Propellant
Surface Flame Propagation in Rocket Motors," AIAA Pre-
print No. 64-125, Jan. 1964.

Brown, R. S., Wirrick, T. K., and Anderson, R., "Theory
of Ignition and Ignition Propagation of Solid Propellants
in a Flow Environment," AIAA Preprint No. 64-157, Jan.l1964.

Most, W. J., "Ignition Transient Prediction and Control
of Solid Propellant Rocket Motors," Ph.D. Thesis, June
1969, AMS Department, Princeton University, Princeton,N.J.

Price, E. W., "Correlation of Physical and Performance
Characteristics of Solid Propellant Rockets," NAVORD
Report 1982, Aug. 1952, USN, Bureau of Naval Ordnance.

Price, E. W., "Charge Geometry and Ballistic Parameters
for Solid Propellant Rocket Motors," Jet Propulsion, Vol.
24, No. 1, Jan.-Feb. 1954, pp. 16-21.

Green, L., Jr., "Some Effects of Charge Configuration in
Solid Propellant Combustion," Jet Propulsion, Vol. 28,
No. 7, July 1958, pp. 483-485.

Murphy, J. M. and Wall, R. H., "Effects of Grain Config-
uration upon the Burning Rate of a Spinning Rocket Motor,"
Journal of Spacecraft and Rockets, Vol. 3, No. 2, Feb.
1966, pp. 263-264.

Peretz, A., Kuo, K. K., Caveny, L. H., and Summerfield,
M., "The Starting Transient of Solid-Propellant Rocket
Motors with High Internal Gas Velocities," AIAA Paper
No. 72-1119, Nov.-Dec. 1972 (accepted for publication
in the AIAA Journal).

Falkner, C. E. and Miller, C. L., "Analytical Igniter
Design for Solid Propellant Rocket Motors," Rept. AFRPL-
TR-70-69, May 1970, CETEC Corp. (subsidiary of Technology
Inc.), Mountain View, Ca.

Summerfield, M., Shinnar, R., Hermance, C.E., and
Wenograd, J., "A Critical Review of Recent Research
on the Mechanism of Ignition of Solid Rocket Propel-
lants," Aeronautical Research Laboratory Report No.
666, Aug. 1963, Princeton University, Princeton, N.J.

Price, E. W., Bradley, H. H., Jr., Dehority, G. L.,
and Ibiricu, M. M., "Theory of Ignition of Solid Pro-
pellants,"” AIAH Journal, Vol. 4, No. 7, July 1966,

pp. 1153-1181.




. s s it 2

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

-81-

Anderson, R., Brown, R. S., and Shannon, L. J.,
"Critical Comparison of Solid Propellant Ignition
Theories," Report TM-34-63-U2, Aug. 1963, United
Technology Center, Sunnyvale, Ca.

Frazer, J. H. and Hicks, B. L., "Thermal Theory of
Ignition of Solid Propellants," The Journal of Physi-
cal and Colloid Chemistry, Vol. 54, No. 6, June 1950,
pp. 8/2-876.

Hicks, B. L., "Theory of Ignition Consi..red as a
Thermal Reaction," Journal of Chemical Physics, Vol.
22, No. 3, March 1954, pp. 414-429.

Baer, A. D., Ryan, N. W., and Salt, D. L., "Propellant
Ignition by High Convective Heat Fluxes," ARS Progress

in Astronautics and Rocketry; Vol. 1: Solid Propellant

Rocket Research, edited by Summerfield, M., Academic
Press Inc., New York, 1960, pp. 653-672.

Baer, A. D., "Ignition of Composite Rocket Propellants,"

Ph.D. Thesis, June 1959, Dept. of Chemical Engineering
University of Utah, Salt Lake City, Utah.

McCune, C. é., "Solid Propellant Ignition Studies in a
Shock Tube," Ph.D. Thesis, Aug. 1961, Dept. of Chemi-
cal Engineering, University of Utah, Salt Lake City,
Utah.

Price, E. W., Bradley, H. H., Jr., Hightower, J. D.,
and Fleming, R. 0., Jr., "Ignition of Solid Propel-
lants," AIAA Preprint No. 64-120, Jan. 1964.

Bradley, H. H., Jr., "Theory of Ignition of a Reactive
Solid by Constant Energy Flux," Combustion Science and
Technology, Vol. 2, No. 1, Aug. 1970, pp. 11-20.

McAlevy, R. F., III, Cowan, P. L., and Summerfield,

M., "The Mechanism of Ignition of Composite Propellants

by Hot Gases," ARS Progress in Astronautics and
Rocketry; Vol. 1: Solid Propellant Rocket Research,
edited by Summerfield, M., Academic Press Inc., New
York, 1960, pp. 623-652.

Summerfield, M. and McAlevy, R. F., III, "The Shock
Tube as a Tool for Solid Propellant Ignition Research,
Jet Propulsion, July 1958, pp. 478-481.

Hermance, C. E., Shinnar, R., Wenograd, J., and Sum-
merfield, M., "Solid Propellant Ignition Studies:
Ignition of the Reaction Field Adjacent to the Surface
of a Solid Propellant," Report No. 674, Dec. 1963,
Department of Aeronautical Engineering, Princeton Uni-
versity, Princeton, N.J.

14

S g, gl




T A

b

T A Wb o

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

-82-

Anderson, R., Brown, R. S., and Shannon, L. J., "Igni-
tion Theory of Solid Propellants," AIAA Paper No. 64-
156, Jan. 1964.

Anderson, R., Brown, R. S., and Shannon, L. J., "Hetero-
geneous Reactions in Ignition and Combustion of Solid
Propellants," AIAA Journal, Vol. 2, No. 1, Jan. 1964,
pp. 179-180.

Williams, F. A., "Theory of Propellant Ignition by
Heterogeneous Reaction," AIAA Journal, Vol. 4, No. 3,
Aug. 1966, pp. 1354-1357.

Bradley, H. H., Jr. and Williams, F. A., "Theory of
Radiant and Hypergolic Ignition of Solid Propellants,"
Combustion Science and Technology, Vol. 2, No. 1, Aug.
1970, pp. 41-52.

Waldman, C. H. and Summerfield, M., "Theory of Propel-
lant Ignition by Heterogeneous Reaction," AIAA Journal,
Vol. 7, No. 7, July 1969, pp. 1359-1361.

Waldman, C. H., "Theory of Heterogeneous Ignition,"
Combustion Science and Technology, Vol. 2, Nos. 2 and
3, Nov. 1970, pp. 81-93.

Steinz, J. A., Stang, P. L., and Summerfield, M., "The
Burning Mechanism of Ammonium Perchlorate-Based Compos-
ite So0lid Propellants," AIAA Paper No. 68-658, June 1968.

Bircumshaw, L. L., and Newman, B. H., "The Thermal De-
composition of Ammonium Perchlorate II. The Kinetics
of the Decomposition, the Effect of Particle Size, and
Discussion of Results," Proceedings of the Royal Soci-
ety (London), Vol. 227A, 1955, pp. 228-241.

Jacobs, P. W. M., and Pearson, G. S., "Mechanism of
the Decomposition of Ammonium Perchlorate," Combustion
and Flame, Vol. 13, 1969, pp. 419-430.

Pellett, G. L., "Heterogeneous NH4C10 Decomposition
Using Isothermal and Pulsed Laser Masé Spectrometry, "
AIAA Journal, Vol. 8, No. 9, Sept. 1970, pp. 1560-1566.

Jensen, G. E., and Cose, D. A., "Studies in Ignition
and Flame Propagation of Solid Propellants," UTC 2117-
FR (Final Report), June 1966, United Technology Center,
Sunnyvale, Ca.

Mullis, B., and Channapragada, R. S., "Heat Transfer
Studies of Solid Rocket Igniters," UTC 2096~FR (Final
Report), Sept. 1965, United Technology Center, Sunny-
vale, Ca.




47,

\ 48.

50.

51.

52.

54.

55.

56.

57.

~83~

Kilgroe, J. D., "Studies on Ignition and Flame Propa-
gation on Solid Propellants,” UTC 2229-FR (Final Re-
port), Nov. 1967, United Technology Center, Sunnyvale,
Ca.

Beyer, R. B., "Ignition of Solid-Propellant Motors
Under Vacuum," AFRPL-TR-65-74 (UTC 2079-FR), April 1965,
United Technology Center, Sunnyvale, Ca.

Shannon, L. J., "Composite So0lid Propellant Ignition
Mechanisms," AFOSR 68-1114 (UTC 2138-FR), June 1968,
United Technology Center, Sunnyvale, Ca.

Carlson, L. W., and Seader, J. D., "A Study of the
Heat Transfer Characteristics of Hot Gas Ignition,"
Technical Report No. AFRPL-TR-65-158, June 1965, Air
Force Rocket Propulsion Laboratory, Edwards, Ca.

Carlson, L. W., and Seader, J. D., "A Study of Heat

Transfer Characteristics of Hot-Gas Ignition," ICRPG
2nd Combustion Conference, CPIA Publication No. 105,
Vol. 1, May 1966, pp. 563-597.

Carlson, L. W., and Seader, J. D., "Heat-Transfer
Characteristics of Hot-Gas Ignition," AIAA Journal,
Vol. 5, No. 7, July 1967, pp. 1272-1279.

Wrubel, J. A., and Carlson, L. W., "Study of Heat
Transfer Characteristics of Hot-Gas Igniters," Techni-
cal Report AFRPL-TR-67-267, July 1967, Rocketdyne,
Canoga Park, Ca.

Lovine, R. L., and Fong, L. Y., "Wing VI Minuteman
Ignition Study Final Report," Technical Memorandum
249 SRP, April 1964, Asrojet General Corp., Sacra-
mento, Ca.

Micheli, P. L., and Linfor, J. J., "The Empirical and
Analytical Modeling of the Role of the Propellant in
Ignition," Western States Section of the Combustion
Institute, Paper 68-34, Oct. 1968.

Allan, D. S., and Bastress, E. K., "Heat Transfer Pro-
cesses during Ignition of Solid Propellant Rockets,"
AIAA Jcurnal, Vol. 4, No. 1, Jan. 1967, pp. 95-100.

Bastress, E. K., and Niessen, W. R., "A Hot-Gas Tun-
nel for Convective Heating Experiments," Journal of
Spacecraft and Rockets, Vol. 5, No. 2, Feb. 1968, pp.

211-213,




't amnds ¢

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

-84 -

Atallah, S., Allan, D. S., Comstock, D. F., Jr., and
Bakerjian, B. H., "The Ignition of Solid Propellants
by Radiative, Convective, and Chemical Heating,"

AFOSR 69-3091TR (Final Scientific Report), Nov. 1969, i
Arthur D. Little, Inc., Cambridge, Mass. 3

B T ad

Ak

Bastress, E. K. and Niessen, W. R., "Solid Propellant
Ignition by Convective Heating," AFOSR 67-0932 (Final

Report), Oct. 1966, Arthur D. Little, Inc., Cambridge,
Mass.

Kashiwagi, T., McDonald, B. W., Isoda, H., and Summer-
field, M., "Iaonition of Solid Polymeric Fuels by Hot
Oxidizing Gases," AMS Report No. 947, Oct. 1970, Prince-
ton University, Princeton, N.J. Information in this
report was summarized in the Thirteenth Symposium (In-
ternational) on Combustion, 19371

Parker, K. H., "The Ignition Transient in Solid Pro-
pellant Rocket Motors," Ph.D. Thesis, Jan. 1966, AMS
Department, Princeton Univer=ity, Princeton, N.J.

Parker, K. H., Most, W. J., and Summerfield, M., "The
Ignition Transient in Solid Propellant Rocket Motors,"
ATAA Paper No. 66-666, June 1966,

Keller, J. A., "Studies on Ignition of Ammonium Per-
chlorate-Based Propellants by Convective Heating,"
Ph.D. Thesis, Aug. 1965, Dept. of Chemical Engineering,
University of Utah, Salt Lake City, Utah.

Keller, J. A., Baer, A. D., and Ryan, N. W., "Ignition
of Ammonium Perchlorate Composite Propellants by Con-
vective Heating," AIAA Journal, Vol. 4, No. 8, Aug.
1966, pp. 1358-1365.

Kling, R., Maman, A., and Bruland, J., "La Cinetique
de L'allumage des Foudres Composites sous L'influence
de Flux de Chaleur Eléves," La Recherche Aérospatiale,
No. 103, Nov.-Dec. 1964, pp. 3-10.

Richardson, C. P., Ryan, N. W., and Baer, A. D.,
"Ammonium Perchlorate-Based Propellant Ignition by
Low Convective Heat Fluxes," AFOSR 68-1665 (Technical
Report), Aug. 1968, Dept. of Chemical Engineering,
University of Utah, Salt Lake City, Utah.

Baer, A. D. and Ryan, N. W., "Ignition and Combustion
of Solid Propellants," AFOSR 69-0349 (Final Report),
1969, Dept. of Chemical Engineering, University of
Utah, Salt Lake City, Utah.

Keller, J. A. and Ryan, N. W., "Measurement of Heat .
Flux from Initiators for Solid Propellants," ARS
Journal, Vol. 31, No. 10, Oct. 1961, pp. 1375-1379.




i e avismessdisnarthn DI -

v A weakde o

LI

e ————

69.

70.

71.

72.

73'

74.

75.

76.

77.

78.

79'

| —————— ———

-85~

Mantyla, R. G., Cheng, J. T., Bouck, L. S., Keller, J.
A., Baer, A. D., and Ryan, N. W., "Ignition and Combus-
tion of Solid Propellants," AFOSR 67-1901 (Technical
Report), 1967, Dept. of Chemical Engineering, University
of Utah, Salt Lake City, Utah.

Hightower, J. D., "An Investigation of the Effect of
Environmental Gases and Pressure on the Ignition of
Solid Rocket Propellants," NWC TP 4431, October 1967,
Naval Weapons Center, Caina Lake, Calif.

Jensen, G. E., Brown, R. §., Cose, D. A., and Anderson,
R., "Ignition and Ignition Propagation in Solid Propel-
lant Motors," AIAA Paper No. 66-677, June 1966.

DeSoto, S. and Friedman, H. A., "Flame-Spreading and
Ignition Transients in Solid Grain Propellants," AIAA
Preprint No. 64-122, Jan. 1964.

Parker, K. H., Wenograd, J., and Summerfield, M., "The
Ignition Transient in Solid Propellant Rocket Motors,"
AIAA Preprint No. 64-126, Jan. 1964.

Lukenas, L. A., Most, V. J., Stang, P. L., and Summer-
field, M., "The Ignitio. Transient in Small Solid Pro-
pellant Rocket Motors of Practical Configuraticns,"
Aerospace and Mechanical Sciences Report No. 801, July
1967, Princeton University, Princeton, N.J.

DilLauro, G. F., Linden, L. H., Most, W. J., and Sum-
merfield, M., "Theoretically Predicted Ignition Transi-
ents in Solid Propellant Rocket Motors," Aerospace and
Mechanical Sciences Report No. 802, Culy 1967, Prince-
ton University, Princeton, N.J.

Most, W. J., MacDonald, B. W., Stang, P. L., and Sum-
merfield, M., "Thrust Transient Prediction and Con-
trcl of Solid Rocket Engines," Paper No. 68-33, The
Fall Meeting of the Western States Section of the Com-
bustion Institute, Menlo Park, Ca., Oct. 1968.

Summerfield, M., Parker, K. H., and Most, W. J., "The
Ignition Transient in Solid Propellant Rocket Motors,"
Aerospace and Mechanical Sciences Report No. 769, Feb.
1966, Princeton University, Princeton, N.J.

Most, W. J., MacDonald, B. W., Stang, P. L., and
summerfield, M., "Thrust Transient Prediction and
Control of Solid Rocket Engines," Aerospace and Mech-
anical Sciences, Report No. 837, June 1968, Princeton
University, Princeton, N.J.

McAlevy, R. F., I11, Magee, R. S., and Wrubel, J. A.,
"Flame Spreading over the Surface of Double Base Pro-
pellants," AIAA Preprint No. 64-109, Jan. 1964.

[ RN TR . —

PP TR T T TR W TV 1 | ¢ g = 1 o i, s S et ik 1o, | ;

‘jgugulmun—w



2% ~ vicnmtivetinegdifinibd  p-ad. 1

« .-

. davaund o

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

~-86—

McAlevy, R. F., III, Magee, R. S., Wrubel, J. A., and
Horowitz, F. A., "Flame Spreading over the Surface of
Igniting Solid Rocket Propellants and Propellant ingre-
dients," AIAA Journal, Vol. 5, No. 2, Feb. 1967, pp.
265-271.

Mitchell, R. C., "Flame Spread on Solid Propellant,"
Ph.D. Thesis, 1963, Dept. of Chemical Engineering, Uni-
versity of Utah, Salt Lake City, Utah.

Mitchell, R. C. and Ryan, N. W., "Flame Spread on S5o0lid
Propellant," AIAA Preprint No. 64-128, Jan. 1964.

Mitchell, R. C. and Ryan, N. W., "Flame Spread on Solid
Propellant," Journil of Spacecraft and Rockets, Vol. 2, °
No. 4, July-Aug. 1965, pp. 610-612.

Von Elbe, G., "Theory of Solid Propellant Ignition and
Response to Pressure Transients," CPIA Publication 13,
Bulletin of the Interagency Solid Propulsion Meeting,
(Seattle, Wash.), July 1963.

Von Elbe, G., "Solid Propellant Ignition and Response
of Combustion to Pressure Transients," AIAA Paper No.
66-668, June 1966.

Paul, B. E., Lovine, R. L., and Fong, L. Y., "A
Ballistic Explanation of the Ignition Pressure Peak," T
AIAA Preprint No. 64-121, Jan. 1964.

Merkle, C. L., Turk, S. L., an: Summerfield, M.,
"Extinguishment of Solid Propellants by Depressuriza-
tion: Effects of Propellant Parameters," AIAA Paper
No. 63-176, Jan. 1969.

Krier, H., T'ien, J. S., Sirignano, W. A., and Summer-
field, M., "Nonst:ady Burning Phenomena of Solid Pro-
pellants: Theory and Experiments," AIAA Journal, Vol.
6, No. 2, Feb. 196t, pp. 178-185.

Denison, M. R. and Baum, E., "A Simplified Model of
Unstable Burning in Solid Propellants," ARS Journal,
Vol. 31, No. 8, Aug. 1961, pp. 1112-1122.

McClvre, F. T., Hart, R. W., and Bird, J. F., "Solid
Propellant Rocket Motors as Acoustic Oscillators,"

ARS Progress in Astronautics and Rocketry; Vol. 1l: Solid
Propellant Rocket Research, edi:ed by Summerfield, M.,
Academic Press Inc., New York, 1960, pp. 295-358.

Culick, F. E. C., "A Review cf Calculations for Un-
steady Burning of a Solid Propellant,"” AIAA Journal,

Vol. 6, No. 12, Dec. 1968, pp. 2241-2255.




AL 40

93.

94.

95.

96.

97.

98.

99.

100.

101.

-87-

Zzeldovich, Ya. B., "On a Burning Rate Under Nonsteady
Pressure," Zhurnal Prikladnoi Mekhaniki i Technicheskoi
Fiziki, No. 3, Jan.-Feb. 1964, pp. 126-130.

Novozhilov, B. V., "Transient Process of the Burning
Powders," Zhurnal Prikladnoi Mekbaniki i Technicheskoi
fiziki, No. 5, Sept.-Oct. 1962.

Novozhilov, B. V., "Non-Steady Burning of Powder Having
Variable Surface Temperature," Zhurnal Prikladnoi
Mekhaniki i Technicheskoi Fiziki, No. 1, Jan.-Feb.
1567, pp. 54-63.

Summerfield, M., Caveny, L. H., Battista, R. A.,
Kubota, N., Gostintsev, Ya. A., and Isoda, H., "Theory
of Dynamic Extinguishment of Solid Propellants with
Special Reference to Nonsteady Heat Feedback Law,"
Journal of Spacecraft and Rockets, Vol. 8, No. 3,
March 1971, pp. 251-258.

Turk, S. L., Battistia, R. A., Kuo, K. K., Caveny, L.
H., and Summerfield, M., "Dynamic Responses of Solid
Rockets During Rapid Pressure Change," Journal of
Spacecraft and Rockets, Vol. 10, No. 2, Feb. 1973,

pp. 137-142.

Battista, R. A., Caveny, L. H., and Sumnerfield, M.,
"Non-Steady Corbustion of Solid Propellants," Aero-
space and Meclanical Sciences Report No. 1049, Oct.
1972, AMS Derartment, Princeton University, Princeton,
N. J. (AD 753835).

Zucrow, M. J., Osborn, J. R., and Murphy, J. M., "The
Erosive Burning of a Homogeneous Solid P:ropellant,"”
Chemical Engineering Progress Symposium Series, Vol.
60, No. 52, 1964, pp. 23-29.

Zucrow, M. J., Osborn, J. R., and Murphy, J. M., "An
Experimental Investigation of the Erosive Burning
Characteristics of a Non-Homogeneous Solid Propellant,”
AIAA Journal, Vol. 3, No. 3, March 1965, pp. 523-525;
also AIAA Preprint No. 64-107, Jan. 1964.

Osborn, J. R., Murphy, J. M., and Kershner, S. D.,
"Photographic Measurement of Burning Rates in Solid
Propellant Rocket Motors," The Review of Scientific
Instruments, Vol. 34, No. 3, March 1963, pp. 305-306.

Murphy, J. M., "An Experimental and Analytical Inves-
tigation of the Erosive Burning Characteristics of a
Non-Homogeneous Solid Propellant," Ph.D. Thesis, Jan.
1964, Department of Mechanical Engineering, Purdue
University, Lafayette, Ind.




LY

2 evsatde, -

102.

103.

104.

105.

106.

107.

108.

109.

11cC.

111.

112.

113.

~-88~-

Williams, F. A., Barrere, M., and Huang, N. C., Funda
mental Aspects of Solid Propellant Rockets, Technivi-
sion Services, Slough, England, 1969, pp. 401-462.

Wimpress, R. N., Internal Ballistics of Solid-Fuel
Rockets, McCraw Hill, New York, 1950, pp. 22-24.

Green, L., Jr., "Erosive Burning of Some Composite
Solid Propellants," Jet Propulsion, Vol. 24, - ,
Jan.-Feb. 1954, pp. 9-15.

Marklund, T. and Lake, A., "Experimental Investiga-
tion of Propellant Erosion,"™ ARS Journal, Vol. 30,
No. 2, Feb. 19€0, pp. 173-178.

Kreidler, J. W., "Erosive Burning - New Experimental
Technigues and Methods of Analysis," AIAA Preprint
No. 64-155, Jan. 1964.

Peretz, A., "Experimental Investigation of the Erosive
Burning of Sclid-~Fropellant Grains with Variable Port
Area," AIAA Journal, Vol. €, No. 5, May 1968, pp. 910~
912.

Dickinson, L. A., Jackson, E., and Odgers, A. L.,
"Erosive Burning of Polyurethane Propel’ ants in
Rocket Engines," Eighth Symposium (International) on
Combustion, The Williams and Wilkins Co., Baltimore,

Md., 1962, pp. 754-759.

Vandenkerckhove, J. and Jaumotte, A., "Remarks on the
Burning Mechanism and Frosive Burning of Ammonium
Perchlorate Propellants," Fighth Symposium (Interna-
tional) on Combustion, The Williams and Wilkins Co.,
Baltimore, Md., 1962, pp. 689-692.

Dickinson, L. A. and Jackson, F., "Combustion in Solid
Propellant Rocket Engines," Fifth AGARD Combustion and
Propulsion Colloquium, Pergamcn Press, New York,

1963, pp. 531-550.

Lawrence, W. J., Matthews, D. R., and Deverall, L. I.,
"The Experimental and Theoretical Comparison of the
Erosive Burning Characteristics of Composite Propel-
lants," AIAA Paper No. 68-531.

Lenoir, J. M. and Rokillard, G., "A Matle~matical Model
to Predict the Effects of Erosive Burning in Solid

Propellant Rockets," Sixth Symposiim (International)
on Comkustion, Reinhold, New York, 1957, pp. 663-667.
vVandenkerckhove, J. A., "Theoretical Investigation of

Erosive Burning of Solid Propellants," ARDC, USAF TN
No. 2 (Contract AF 61(052)-354), July 196l.

T T TR R T e . i i it ———. - ..,

PESEE ot ol
e



IEERTTN . F Y

o drmanted. o

114.

115.

ll6.

117.

118.

119.

120.

121.

122.

123.

124.

125.

-89~

Tsuji, H., "An Aernthermochemical Analysis of Erosive
Burning of Solid Propellent," Ninth Symposium (Inter-
national) on Combusti. , The Williams anid Wilkins Co.,
Baltimore, 1963, pp. -84-393,

Miller, E., "Erosive Burning of Composite Solid Pro-
pellants," Combustion and Flame, Vol. X, Dec. 1966,
pp. 330-336.

Felix, B. R. and McBride, N. M., "Development of the
Algol III Solid Rocket Motor for Scout," ASE Paper
No. 710765, presented at the NASEM Meeting, Los
Angeles, Sept. 1971.

Mickley, H. S., Ross, R. C., Squyers. A. L., and Stew-
art, W. E., "Heat, Mass, and Momentun Transfe. for
Flow over a Flat Plate with Blowing or Suction," TN
3208, July 1954, NACA.

Rubesin, M. W., Pappas, C. . and Okuito, A. F., "The
Effect of Fluid Injection or the Compressible Turbulent
Boundary Layer-Preliminary Tests on Transpiration
Cooling of a Flat Plate at M = 2.7 With Air as the
Injected Gas," RM A55I19, Dec. 1955, NACA.

Korpi, K. J., "Survey of Ignition Literature," Report
No. 1097 (Special), July 1956, Aercjet-General Corp.,
Azusa, Ca.

Anon., "Ignition System for Composite Solid Propel-
lant," Report No. L255-1, Nov. 1955, Aerojet-C ral
Corp., Azusa, Ca.

Barett, D. H., "Solid Rocl.et Motor Igniters ASA
Monograph SP-8051;, March 1971.

Lowry, E. M., "Solid Propellant Igniter Design Hand-
book," NAVWEPS 8015, April 1961, Bermite Powder Co.,
Saugqus, Ca.

Von Elbe, G. and Lewis, B., "Minimum Ignition Energy
of Propellants: Discussion and Preliminary Data,”
Bulletin of First Symposium on Solid Propellant Igni-
tion, Sept. 1953.

Scheier, W., "Pressure Transients for Boron-Potassium
Nitrate Igniters in Inert, Vented Chambers," Report
TR-32-33, Sept. 1960, JPL, Ca.

Isom, K. B., "Heat Transfer from Pyrotechnic Igniters,"
2nd ICRPG Combustion Conference, CPIA Publication No.
105, Vol. I, May 1966, pp. 605-615.




™.

L

o Cwanndi.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138,

-9Q0-

Cohen, N. S., and Lovine, R. L., "Fulfillment of Solid
Propellant Ignition Requirements by Pyrogen Igniters,"
4th ICRPG Combustion Conference, CPIA Publication No.
162, vol. I, Dec. 1967, pp. 449-457.

Robertson, W. E., "Igniter Material Considerations and
Applications," AIAA Paper No. 72-1195, Nov.-Dec.1972.

Priary, J. J., "Advanced Ignition System for Solid
Propellant Rocket Motors," AIAA Journal, Vol. 31, No.
7, July 1961, pp. 1029-1031.

Brown, R. S., "Investigation of Fundamental Hypergolic
Ignition Phenom~na Under Dynamic Flow Environments,"
Report UTC-2024 R, Feb. 1965, United Technology Cen-
ter, Sunnyvale, Ca.

Peleg, I. and Manheimer-Timnat, Y., "A Study of Solid
Propellant Rocket Motor Ignition," Israel Journal of
Techknology, Vol. 6, No. 1-2, Feb. 1968, pp. 32-45.

Lucy, M. H., "Spin Acceler.tion Effects on Some Full-
Scale Rocket Motors," Journal of Spacecraft and
Rockets, Vol. 5, No. 2, Feb. 1968, pp. 179-185.

Northam, G. B. and Lucy, M. H., "On the Lffects of
Acceleration upon Solid Rocket Performance," AIAA
Paper No. 68-530, June 1968.

Bahor, L. R., "Performance of the Aerojet~General Corp.
ALCOR-1B Solid Propellant Rocket Motor under the Com-
bined Effects of Rotational Spin and Simulated Altitude,"
AEDC-TR-66-186, Oct. 1966, Arnold EDC, Tullahoma, Tenn.

Broddner, S., "£ffects of High Spin on the Internal
Ballii. tics of a Solid Propellant Motor," Astronautica
Acta, Vol. 15, No. 4, May 1970, pp. 191-197.

Adams, D. M., "Igniter Performance in Solid Propellant
Rocket Motors," AIAA Paper No. 66-680, June 1966.

Sharn, C. F., et al, "Solid-Propellant Rocket Ignition
Research (Final Report)," NOLTR 64-107, Sept. 1964,
NOL, Silver Spring, Md.

Baker, D. L., "Method for Predicting Chamber Pressure
Transients During the Ignition of Solid Propellant
Rocket Motors," UTC TM-14-62-UZ, March 1962, United
Technology Center, Sunnyvale, Ca.

Falkner, C. E. and Kilgroe, J. D., "Ignition Models-

Solid Propellant RozTket Motors," Western States Sec-

tion of the Combustion Institute, Paper No. 68-35, Oct. .
1968.




140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

-9]-

Anon., "Final Report Design Study of Solid Propellant
Configurations," Control No. U-A-61-28A, July 1961,
Thiokol Chemical Corp., Re tone Division, Alabama.

Huggett, C., Bartley, C. E., and Mills, M. M., "Solid
Propellant Rockets," Princeton Aeronautical Paperbacks,
No. 2, Princeton University Press, Princeton, N.J.

Beckstead, M. W., Derr, R. L., and Price, C. F., "A
Model of Composite Solid-Propellant Combustion Based
on Multiple Flames," AIAA Journal, Vol. 8, iic 12,
Dec. 1970, pp. 2200-2207.

Willoughby, D. A., "Application of Turbulent, Compress-
ible Boundary Layer Concepts to the Interior Ballis-
tics of Rocket Motors," Technical Report S$§-266, Sept.
1970, Redstone Research Laboratories, Rohm and Haas
Co., Huntsville, Ala.

Patankar, S. V. and Spalding, D.B., Heat and Mass
Transfer in Boundary layers; A General Calculation
Procedure, 2nd ed., International Textbook Co.,

London, 1970.

Hottel, H. C. and Sarofim, A. F., "Gas Emissivities
and Absorptivities," Radiative Transfer, lst ed., Mc-
Graw-Hill, New York, 1967, pp. 199-235.

Caveny, L. H. and Summerfield, M., "A Feasibility Study
of Command Control of Solid Propellant Burning Ratc,"
Aerospace and Mechanical Sciences Report No. 893,

Feb. 1970, AMS Department, Princeton University, Prince-
ton, N.J.

Chao, G. T. Y., Leslie, J. C., and Mancus, H. V., "A
Direct Measuring Radiation Calorimeter for Determining
Propellant Gas Emissivity," Journal of Spac._craft and
Rockets, Vol. 3, No. 6, June 1966, pp. 928-930.

Love, E. S., Grigsby, C. E., Lee, L. P., and Woodling,
M. J., "Experimental and Theoretical Studies of Axi-
symmetric Free Jets," TR R-6, 1959, NASA.

Shapiro, A. H., The Dynamics and Thermodynamics of
Compressible Fluid Flow, Vol. II, The Ronald Press
Co., New York, 1954.

Kutateladze, S. S. and Borishanskii, A Concise Ency-
clopedia of Heat Transfer, lst ed., Pergamon Press,
Oxford, 1966, pp. 109-1.4.

Schlichting, H., "Turbulent Flow Through Pipes,"
Boundary Layer Theory, 6th ed., McGraw-Hill, New York,
1968,




&1 e it s L s

151.

152.

153.

154.

155.

+56.

157.

158.

159,

160.

lel.

162.

163.

-92-

Naumann, A., "Druckverlust in Rohren nichtkreisfdormigen
Querschnittes bei hohen Geschwindigkeiten," ZAMM, Vol.
36, special issue, 1956, p. 25.

Iverson, H. W., "variation of the Point Unit Thermal
Conductance on the Entrance to Tubes for a Fluid
Flowing Turbulently," M.S. Thesis, University of Cal-
ifornia at Berkeley, 1943.

Cholette, A., "Heat Transfer Local and Average Coeffi-
cients for Air Flowing Inside Tubes," Chemical Engineer-
ing Progress, Vol. 44, No. 1, Jan. 1948, pp. 81-88.

Humble, L. V., Lowdermilk, W. H., and Desmon, L. G.,
"Measurements of Average Heat-Transfer and Friction
Coefficients for Subsonic Flow of Air in Smooth Tubes
at High Surface and Fluid Temperatures," NACA Rept.
1020, 1951.

Davey, T. B., "Entrance Region Heat Transfer Coeffi-
cients,” Heat-Transfer-Houston, Chemical Engineering
Progress Symposium Series, published by AICE, Vol.
59, No. 41, 1963, pp. 47-51.

Holman, J. P., Heat Transfer, 2nd ed., McGraw Hill,
New York, 1968, pp. 157-186.

Schack, A., Industrial Heat Transfer, J. Wiley &
Sons, New York, 1965, pp. 127/-140,.

Cohen, N. S., Derr, R. L., and Price, C. F., "Study
of Ignition and Extinguishment in Multiple Stop-Re-
start Duty Cycles,"” 8th JANNAF Combustion Meeting,
Vol. II ( CPIA Publication 220), Nov. 1971.

Kreith, F., Principles of Heat Transfer, lst ed.,
International Textbook Co., Scranton, Pa., 1958,
pp. 331-361.

McAdams, W. H., Heat Transmission, 3rd ed., McGraw
Hill, New York, 1954, pp. 205-24]1.

Bartz, D. R., "A Simple Equation for Rapid Estimation
of Rocket Nozzle Convective Heat Transfer Coefficients,"
Jet Propulsion, Vol. 27, No. 1, Jan. 1957, pp. 49-51.

Knuth, E. L., "Forced-Convection Heat Transfers with
Time-Dependent Surface Temperatures," AIAA Journal,
Vol. 1, No. 5, May 1963, pp. 1227-1229.

Sparrow, E. M, and Siegel, R., "Unsteady Turbulent
Heat Transfer in Tubes," Transactions of ASME, Journal
of Heat Transfer, Aug. 1960, pp. 170-180.

BN I

Pl arte

-




T D e s e

164.

165.

1656.

167.

168.

169.

170.

171.

172.

173.

174.

175.

-93-

Eckert, E. R. G. and Drake, R. M., Jr., Heat and Mass
Transfer, 2nd ed., McGraw Hill, New York, 1959, pp.
213-214.

Cope, W. F., "The Friction and Heat Transmission Co-
efficients of Rough Pipes," Proceedings ot the Insti-
tution of Mechanical Engineers, Vol. 145, 1941, pp.
99-105.

Nunner, W., "Heat Transfer and Pressure Drop in Rough
Tubes," VDI Forshungsheft, 455, Ser. B, Vol. 22, pp.
5-39; A.E.R.E. Lib/Transl. 786, 1958.

Dipprey, D. F. and Sabersky, R. H., "Heat and Momentum
Transfer in Smooth and Rough Tubes at Various Prandtl
Numbers," International Journal of Heat and Mass Trans-
fer, vol. 6, May 1963, pp. 329-353.

Owen, P. R. and Thomson, W. R., "Heat Transfer Across
Rough Surfaces," Journal of Fluid Mechanics, Vol. 15,
1963, pp. 321-334.

Gowen, R. A. and Smith, J. W., "Turbulent Heat Trans-
fer from Smooth and Rough Surfaces," International
Journal of Heat and Mass Transfer, Vol. 11, Nov. 1968,
pp. 1657-1673.

Nestler, D. E., "Compressible Turbulent Boundary-Layer
Heat Transfer to Rocugh Surfaces," AIAA Journal, Vol.
9, No. 9, Sept. 1971, pp. 1799-1803.

Mickley, H. S. and Davis, R. S., "Momentum Transfer
for Flow over a Flat Plate with Blowing,”" TN 4017,
Nov. 1957, NACA.

Butensky, M. S., "The Transpired Turbulent Boundary
Layer on a Flat Plate," Sc.D. Thesic Chemical Engi-
neering Dept., MIT, 1962.

Smith, K. A., "The Transpired Turbulent Boundary Layer,"
Sc.D. Thesis, Chemical Engineering Dept., MIT, Mass.,
1962,

Mickley, H. S., Smith, K. A., and Fraser, M. D.,
"Velocity Defect Laws for Transpired Turbulent Bound-
ary Layers," AIAA Journal, Vol. 3, No. 4, April 1965,
pp. 787-788.

Thielbahr, W. H., Kays, W. M., and Moffat, R. J., "The
Turbulent Boundary Layer: Experimental Heat Transfer
with Blowing, Suction, and Favorable Pressure Gradient,"
Report No. HMT-5, Department of Mechanical Engiaeering,
Stanford University, Stanford, Ca., April 1969.

st
e e — e




176.

177.

178.

179.

180.

181.

182.

183‘

184.

185.

186.

-94-

Whitten, D. G., Moffat, R. J., and Kays, W. M., "Heat
Transfer to a Turbkulent Boundary Layer with Non-Uni-
form Blowing and Surface Temperature," Report No. HMT-
8, Department of Mechanical Engineering, Stanford Uni~-
versity, Stanford, Ca., Sept. 1969.

Kearney, D. W., Moffat, R. J., and Kays, W. M., "The
Turbulent Boundary Layer: Experimental Heat Transfer
with Strong Favorable Pressure Gradients and Blowing,"
Report No. HMT-12, Department of Mechanical Engineering,
Stanford University, Stanford, Ca., April 1970.

Marxman, G. A. and Woolridge, C. E., "Research on the
Combustion Mechanism of Hybrid Rockets," Advances in
Tactical Rocket Propulsion, AGARG Conference Proceed-
ings No. 1, Technivision Services, Maidenhead, England,

Aug. 1968, pp. 423-477.

Lees, L., "Convective Heat Transfer with Mass Addition
and Chemical Reactions," Combustion and Propulsion,
Third AGARD Colloquium, Pergamon Press, New York,
1958, pp. 451-498.

Svehla, R. A., "Estimated Viscosities and Thermal
Conductivities of Gases at High Temperatures," NASA

TR R-132, 1962.

Bartz, D. R., "Survey of the Relationship Between The-
cry and Experiment for Convective Heat Transfer from

Rocket Combustion Gases,” Advances in Tactical Rocket
Propulsion, AGARD Conference Proceedings No. 1, Tech-
nivision Services, Maidenhead, England, Aug. 1968, pp.

291-381.

Hilsenrath, J., et al, "Tables of Thermal Properties
of Gases," U.S. Department of Commerce, NBS Circular

564, Nov. 1955,

Colebrook, C. F., "Turbulent Flow in Pipes with Partic-
ular Reference to the Transition Region between the
Smooth and Rough Pipe Laws," Journal of the Institu-
tion of Civil Engineers, Vol. 11, 1938-39, pp. 133-156.

Streeter, V. L., Fluid Mechanics, 3rd ed., McGraw-
Hill, New York, 13962, pp. 213-222.

Shapiro, A. H. and Smith, R. D., "Friction Coefficients
in the Inlet Length of Smooth Round Tubes," NACA TN

No. 1785, Nov. 1948.

Carslaw, H. S. and Jaeger, J. C., gpnduction of Heat
in Solids, 2nd ed., Oxford University Press, London,

£ SR A&u‘::m.\rﬁ‘f‘féé.i‘:@‘ntﬁ% .

P

I

L LT POUPe Ve N

E

s
3




[

187.

188.

189.

130.

19..

192‘

193.

194.

195.

196.

197.

198,

199,

-05~

Goodman, T. R., "The Heating of Slabs with Arbitrary
Heat Inputs," Journal of the Aerospace Sciences, Vol.
26, March 1959, pp. 187-188.

Goodman, T. R., "Application of Integral Methods to
Transient Nonlinear Heat Transfer," Advances in Heat
Transfer, Vol. 1, 1964, Academic Press, New YOrkK, pp.
S1-122.

Courant, R., and Hilbert, D., Methods of Mathematical
Physics, Vol. 2, Interscience Publishers, Inc., New
York, July 1966, pp. 407-550.

Kuo, K. K., "Theory of Flame Front Propagation in
Porous Propellant Charges under Confinement," Ph.D.
Thesis, Aug. 1971, AMS Department, Princeton Univer-
sity, Princeton, N.J.

Richtmyer, R. D. and Morton, XK. W., Difference Meth-
ods for Initial-Value Problems, Interscience Publish-
ers, New York, 196/.

Salvadori, M. G. and Baron, M. L., Numerical Methods
in Engineering, Prentice Hall, Inc., Englewood Cliffs,
N.J., 19¢l.

Vichnevetsky, R., "Treatment of Non-linear Terms in
Hyperbolic Equations," TR 70-23, Sept. 1970, Electron-
ic Associates, Inc., Princeton, N.J.

Kuo, K. K., Vichnevetsky, R., and Summerfield, M.,
"Generation of an Accelerated Flame Front in a Porous
Propellant," AIAA Paper No. 71-210, Jan. 1971.

Isaacson, E. and Keller, H. B., Analysis of Numerical
Methods, Wiley, New York, 1966, pp. 58-61.

Johnson, R. C., "Real-Gas Effects in Critical Flow
through Nos “.es and Tabulated Thermodynamic Properties,"
TN D-2565, Jan. 1965, NASA.

Din F., ed., Thermodynamic Functions of Gases, Vol. 3:
Methane, Nitrogen,; Ethane, Butterworths, London, 1961,

pp. 22-71.

Steffensen, R. J., Agnew, J. T., and Olsen, R. A.,
"Combustion of Hydrocarbecns - Property Tables," Engi-
neering Extension Series No. 122, May 1966, Purdue
University, Lafayette, Ind.

Jones, H. B., "Transient Pressure Transducer Design
and Evaluation," Aeronautical Engineering Report No.
595b, Feb. 1962, Princeton University, Princeton, N.J.




-96~

200. Layton, J. P., Knauer, R. ©., and Thomas, J. P., "Sum-
mary Technical Report on Transient Pressure Measuring
Methods Research," Aeronautical Engineering Report No.
595i, Dec. 1963, Princeton University, Princeton, N.J.

: 201. Thomas, J. P. and Layton, J. P., "Summary Technical
Report on Transient Pressure Measuring Methods Re-

search," Aeronautical Engineering Report No. 595p,

Nov. 1965, Princeton University, Princeton, N.J.

202. Thomas, J. P. and Layton, J. P., "Final Summary Tech-
nical Report on Transient Pressure Measuring Methods
Research," AMS Report No. 595t, March 1967, Princeton
University, Princeton, N.J.

203. Durbin, E. J., Princeton University, private communi-
cation.

204. Iberall, A. S., "Attenuation of Oscillatory Pressures
in Instrument Lines," Journal of Research of the NBS,
Vol. 45, July 1950, pp. 85-108.

205, PBeckwith, T. C. and Buck, N. L., "Mechanical Measure-
ments," lst ed., Addison-Wesley, Reading, Mass., 1961.

206. Morris, S. 0., Peretz, A., and Poli, T. J., "Instru-
mentation Manual, Solid-Propellant Test Cell, S.P.
; Laboratories," 1972. AMS Department, Princeton Univer-
: sity, Princeton, New Jersey.

207. Strand, L. D. and Gerber, W. 0., "A Study of Solid-
Propellant-Rocket-Motor Command Termination by Water
Injection," AIAA Paper No. 70-640, June 1970,

AW s b

208. Beyer, R. B. and Fishman, N., "Solid Prrpellant Igni-
tion Studies with High Flux Radiant Energy as a Thermal
Source," ARS Progress in Astronautics and Rocketry;
Vol. 1: Solid Propellant Rocket Research, edited by
Summerfield, M., Academic Press Inc., New York, 1960,
pp. 673-692.

209. Baer, A. D. and Ryan, N. W., "Ignition and Combustion
of Solid Propellants," AFOSR 68-1858 (Final Report),
1968, Dept. of Chemical Engineering, University of Utah,
Salt Lake City, Utah.

210, Price, E. W., "One-Dimensional, Steady Flow With Mass
Addition and the Effect of Combustion Chamber Flow
on Rocket Thrust," Jet Propulsion, Vol. 25, No. 2,
February 1955, pp. 61-66, 78.

n > . - . F
Py . R . 3§ . Y, Seleadlls A hiaard
.t T, . 1wt &_mﬂwﬂ,mw NP REGL &



PR N R

211.

212,

213.

214.

215.

216.

-97-

vidal, R. J., "Model Instrumentation Techniques for
Heat Transfer and Force Measurements in a Hypersonic
Wind Tunnel," Rept. AD-917-A-1, February 1956, Cornell
Aeronautical Lab., Inc., Cornell University, Buffalo,
N.Y.

Knauss, D. T., "Techniques for Fabricating Fast Res~
ronse Heat Transfer Gages," BRL TN 1629, September
1966, Ballistic Research lLaboratories, Aberdeen,

Md'

Cook, W. J., "Determination of Heat-Transfer Rates
from Transient Surface Temperature Measurements,"
AIAA Journal, Vol. 8, No. 7, July 1970, pp. 1366-1368.

Shelton, S. V., "A Technique for Measurement of Sclid
Propellant Burning Rates During Rapid Pressure Transi-
ents," 4th ICRPG Combustion Conference (CPIA Publica-
tion No. 162), Vol. 1, December 1967, pp. 361-373.

Strand, L. D., Schultz, A. L. and Reedy, G. K.,
"Determination of Solid Propellant Transient Regres-
sion Rates Using a Microwave Doppler Shift Technique,"
AIAA Paper No. 72-1118, November-December 1972.

caveny, L. H. and Summerfield, M., "Solid Propellant
Micromotors and Impulsive Thrusters,”" SAE Paper No.
71-766, September 1971.




~98-

Table 1
Baseline Values

Propellant properties:

' Composition: 20% PBAA-EPON 828
‘ 80% AP (30% 15 micron & 70% 180 micron)

= = 2 i
rO@p=68 atm 0.804 cm/sec 0.32 in/sec
n = 0.4
A = 0.9 x 10_3 cal/cm-sec-°K

pr
_ 3
ppr = 1.6 g/cm
_ -2 2,
apr = 0.1875 x 10 cm®/sec
W = 22.01 g/g-mole

1.24

y
cp = 0.4665 cal/g-°K

3852 gf-cm/g-°K

.

R =
-— (-] a
. = T700°K

Tps,lg

= 2225°K

PR T

Te
kK = 5.72 cm>-°K/cal

B = 105
€g = 0.001 cm

Motor parameters:

xp = 6.2 cm Xp = 62.7 cm

b = 5.08 cm dh,i = 1.02 ¢cm
= 2 —

Ap,i = 1.6l cm w,i s 6.35 cm

L* = 62.7 (Ap/At) cm
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Table 4

Typical Mach and Reynolds Numbers (based on diameter) during
the different stages of the transient for the four port-to-
throat area ratios tested and Mig = 11.5 g/sec

A A Period Fore-end Aft-erd Fore-end Aft-end
pt Mach No. Mach No. Reynolds No. Reynolds ha,

1.06 induction 0.58 0.42 11,500 17,000

" flame-srreading 0.080 0.76 10,000 100,000

" chamber filling 0.016 0.76 10,000 320,000

" peak pressure 0.017 0.76 10,900 350,000
1.2 inductivn 0.55 0.39 11,500 17,500

" flame spreading 0.090 0.60 10,000 100,000

" chamber filling 0.015 0.60 10,000 330,000

" peak pressure 0.01e6 0.60 11,000 360,000
1.5 induction 0.52 0.35 11,700 19,000

" flame spreading 0.090 0.44 10,000 80,000

" chamber filling 0.010 0.44 10,000 360,000

" peak pressure 0.011 0.44 11,100 400,000
2.0 induction 0.45 0.28 12,000 21,000

" flame spreading 0.060 0.31 10,000 50,000

" chamber filling 0.009 0.31 12,000 400,000

" peak pressure 0.009 0.31 16,0090 450,000
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Fig. 3 Cross-section of experimental motor
showing port configuration.
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Fig. 4 Analytical control volume.
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LOCATION CF MAXIMUM
HEAT TRANSFER

WALL IMPINGEMENT AND

JET BOUNDARY REATTACHMENT OF JET

SONIC
NOZZLE AL L L L L L
2 ""a\
FLOW OBLIOUE SHOCK
EE§§§>\ J{i"’:::——f
FLOW BOUNDARY LAYER
SEPARATION DEVELOPMENT
REGION

(a) duct of relatively simall diameter )

o tnosme bt dvane gy dbdiiofsdll oo

RECIRCULATION REGION BARREL SHOCK MACH DISK

7 .
/{ ) 0 *%1@{
FLOW % S ¢ o O (n&{\ m‘d ;{\‘If
2 ‘;0 U JNOH NS ‘
Sal
o 0!
4 i

(b) duct of relatively large diameter

Fig. 5 Jet expansion from a sonic convergent nozzle into
- a duct (from Ref. 53).
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Tor =T (Tps Tpi){_Fx]
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*-,,_Y
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Fig. 7 Assumed temperature profile in the solid
propellant and nomenclature for the use
of integral method to calculate the
propellant surface temperature.
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Fig. 8 Numerical calculation grid and characteristic
directions at the left boundary of the
calculated domain.
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Assembled gaseous igniter combustion
chamber and accessories.
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View of the back side of the assembled experimental set-up
showing the pressure transducers installed alony the motor.
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. 18 The calibration and firing console of the
solid-propellant test cell. i
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Fig. 19 View of the solid-propellant test cell instrumentation con-
sole (on the left) and the Datacom Data Acquisition System
(on the right) with related wiring.
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Fig. 25a Comparison of measured and calculated pressure
vs time traces at station 1 (fore-end) for
Ap/At = 1.5.
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Fig. 25c Comparison of measured and calculated pressure
vs time traces at station 5 (aft-end) for
Ap/At = 1.5,
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Fig. 26a Comparison of measured and calculated pressure

vs time traces at station 1 (fore-end) for
Iﬁp/At = 1;2.
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Fig. 26b Comparison of measured and calculated pressure
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Fig. 26c Comparison of measured and calculated pressure
vs time traces at station 5 (aft-end) for
Ap/At = 1,2,
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Fig. 27b Comparison of measured and calculated pressure
vs tin.2 traces at station 3 (mid-motor) for
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Fig. 34 Measured and calculated times of ignition delay

for Ap/At = 1.2.
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Fig. 35 Calculated heat flux at the propellant surface
vs time at three different positions along the

motor.
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Fig. 36 Calculated propellent surface temperature vs
time at three different positions along the
port. The calculated surface heat flux is
shown in Fig. 35.
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Fig. 37 Calculated ignition delay time vs igniter mass
flow rate for different Ap/At.
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Fig. 38 Measured and calculated ignition flame
front Jocations vs time, with flane
spreading velocities noted.
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Fig. 39 Calculated initial flame spreading rate vs

igniter mass flow rate.
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Fig. 41 Calculated maximum pressurization rates at
motor fore-end vs igniter mass flow rate for .
different Ap/At.
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Fig. 42 Calculated transient variation of the fore-end and

aft-end static pressures, aft-epd stagnation pressure
and ratio of aft-end stagnation to fore-end static
pressure.
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Fig. 43 Calculated ratios of maximum static and stagna-

tion pressures at motor aft-end to maximum
motor fore-end pressure vs port-to-throat area
ratio.
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Fig. 44 Measured and calculated maximum fore-end pressure

vs igniter mass flow rate for different Ap/At.
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Fig. 45 Calculated maximum fore-end pressure vs '
A_/A, for two different igniter mass flow
rates.
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APPENDIX A

NONDIMENSIONALIZATION AND ORDER OF MAGNITUDE

ANALYSIS OF THE CONSERVATION EQUATIONS

Main Reference guantities

Nondimensionalization of the conservation equations is

performed by normalizing all variable parameters with respect
to well-defined reference quantities. The main reference
quantities used for the nondimensionalization of the conser-
vation equations [Egs. (IIJ-1l) to (III-3)) are the following:

(1)

Reference time, t*, defined as the average resi-
dence time of the gas in the motor chamber;

instantaneous mass of gas in the chamber
mass rate of gas ejected out of the chamber

t* =

Assuming that the representative static pressure
and temperature in the motor can be approximated
by the stagnation pressure and temperature at the
nozzle entrance, (p,g and Tag, respectively),
the following expression for t* may be obtained:

_ L _
b sl v (A1)

where: L is the effective length of the chamber
(the distance between the fore-end of
the propellant section and the nozzle

entrance)
c* 1is the characteristic velocity
and T is a function of vy, defined in the
Nomenclature.
(2) Reference length, x*, defined as the effective
length of the motor chamber (x* = L);
(3) Reference gas velocity, u*, defined as the aver-
age gas velocity in the chamber port
A
x¥ 2 t
* = - * w— -
u* = gg = I'c* ¢ (A-2)
P
(4) Reference pressure, p*, defined as the maximum
pressure obtained during the transient period at
the motor fore-end (p* = Py max)7
!

T

DL LT SUE et EERTT

v_,,w...., - au



b

s ke i 3 M e i

-158-

(5) Reference gas temperature, T*, defined as the
adiabatic flame temperature of the solid pro-
pellant (T* = Tf);

(6) Reference density, p*, determined by the refer-
ence nressure and temperature, and

(7) Reference burning rate, r*, defined as the non-
erosive steady-state burning rate at the refer-
ence pressure (r* = ap*h)

All configuration (i.e., geometrical) parameters are
nondimensionalized with respect to their initial values.

All reference gquantities are denoted by the superscript
"#" and all nondimernsionalized variables are denoted by the

sign """. According to this convention
ﬁ:%- ﬁ=u . ’.’[\‘=T -6=p
P ' u-Tl T}‘: p—;
(A=3)
o t X
t‘—'?;; 2=L—*-; etc.
Derivatives with respect to time become
dp _ p* 3% . du _ u* 34 | _
bR at i gE T EaE g ete (A-4)
Derivatives with respect to distance become
op _ p* gg ., du _ u* 34 | {A-5)
T gmowm ete

Second derivatives with respect to distance become

a%r _ v 3% 22w _ur % (A=6)
axz x*2 8§2 8x2 x*2 oR

2. Nondimensionalization of the Continwv .ty Equation

The continui'y equation, Eq. (III-1l), is nondimension-
alized according to Egs. (A-2) to (A-5) to become

A A ~ oA pX r*b*
*u*|3 3 (P4 - _pr £B _ P¥
%_*_[3% » 200, B 33:2} _EFP__ P{ﬁpr p—;—ﬁ]

B
P pr

(A-7)
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R L

Dividing Eq. (A-6) by p*u*/x* the nondimensional-
ized continuity equation is obtained:

a7 A Aan O px
op ¢ (P4) pl _ b r* b*x* £b _ p*
EYE K R e @ AT K |Por T piP
p p “p pr
1 1 1 102 1074 102 1 1072
{(A-8)

where an order of magnitude characteristic of the physical
model is denoted under the terms.

The last term on the right~hand side of Eq. (A-8) is
102 times smaller than the other terms for the usual oper-
ating pressures, flame temperatures, gas molecular weights,
and propellant densities encountered in solid-propellant
rocket motors (20 to 80 agm; 2000 to 3000°K; 20 to 30 q/9-~
mole, and 1.5 to 2.0 g/cm”™, respectively). It is therefore
neglected in the analysis. The neglected term expresses
the rate of mass accumulation in the free -'olume created
by the propellant surface regression. After this simpli-
fication, the resulting dimensional continuity equation is
presented by Eq. (III-4).

3. Nondimensionalization of the Momentum Equation

Substituting Eq. (III-1) into the momentum equation,

Eq. (III-2), the latter becomes (using the exrression for
normal stress)

et b A e W 4l At T ¢ .-

b 2 dA fp
Ju cu 3p _ _ pgrr 4 137u 1 "o dul _ w2 g
Pyt * PUSX * I3x kel 1 b B - U v B Y Wi i
p ax P P

(A=-9)
where u may be considered to include the eddy viscosity.
Nondimensionalization of Eq. (A-9) yields

p* r*b*

2 1 2 p__E¢B
p*(u*) ol p* (u*) “ [ a01 R*T* 3P _ _ r r
—T{aﬂJ + T[pﬁx] + Isy_x‘_p*.sg = _R_A.;__u*_gxp_o

(2 3A £4p* te
. p P

3 P
Dividing throughout by p*(u*)z/x* and denoting

4 u*
+ }ﬂ’ﬁ;:z

orutey L2
Rey = —5— and (M*)= (u*)“/ygR*T*

1“§ tp M O A ——
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the nondimensionalized momentum equation becomes

* 5 2B
~9Q ~ o D Por r* b*x* pr
Pye + Plgg ¢ W:ﬁ -5 u—*'_f;__eﬂp_a

1 1 11 102 1074 102 2

d*
+ 4 1 h
3 Re¥ x*

{3%(%_;;2 aﬁ} _ gw
- p

tp
wﬁﬂz
P

+
g 282 L
1wt 102 1 1 1072 10 1

4 (A-11)
where an order of magnitude characteristic of the physical
model is denoted under the terms.

The second term on the right-hand uide of Eq. (A-11),
expressing the viscous forces between gas molecules is
several orders of magnitude smazller than other terms.
Therefore it is neglected in the analysis. The term des-
cribing the wall friction forces acting on the fiuid is
one order of magnitude smaller than the other terms and is,
therefore, kept in the analysis. Other reasons for keeping
the wall-friction term are described in Chapter III, Sec-
tion C. After the aforementioned simplification, the
resulting dimensional momentum equation is presented by
Eq. (III-5).

4. Nondimensionalization of the Energy Equation

Substituting the original continuity and momentum
equations [Egs. (III-1l) and (III-2)] intc the energy equa-
tion, Eq. (III-3), the latter becomes (in terms of ths
statiz gas temperature)

2

a°T

[r r] [52"“5‘2 '*'a;'z
P TbC f" w2 ) PO 5 gp oA
='2'A_p'2l‘f'T+7§J_c'E;J '1;‘*:;5:3&2
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b R

Rt Rt W i D s WA . RSN 1o 5 S o b Pt

wapflor e




-l6l-

Nondimensionalization of Eg. (A-12) yields

! p*c‘.T*u*

A *‘\*T*u*
po o (e, s3%) _y-1 P % ? ?
i x pep[ﬁf * ﬁﬁ?} Y x* [5% * ﬁﬁg]

d * yRhkekTk 5
‘ - % T*zxazg - Zer f %" ppr§BGP{@ - 8+ L2 ue)? %i
(x*)° o% Ap p LT P
4q . 2 2
g . A*T* X 3P 4 M*(u*) A[aﬁ]
¥ + vy + =z
Gy T w2 K; 3% 9 3 "7;;;7‘“ £33
3 8P
2f*p* (u*) Wanr3 -
P
. Assuming the heat transfer to the port walls to be
{ convective and using the Dittus-Boelter correlation for the
heat-iransfer coefficient (Nu, = a,Re.0.8pr0.4), the former
' may be exprassed by the folloging équgtion
i h P
4
! = Nut A% A_d - -

s v dvemdnr gu

Substituting Eg. (A-14) in%tc Eg. (A-13) and dividirjy
through by p*c*T*u*/x* yields the following form of the
rondimensional Energy equation and the corresponding order
of magnitude of the different terms:

wfe ) - - )

1

1 1 1 2x10 - 1 1
0
1 9% o 220 _ Ppu g paxr Pp fBC 2
- _"pr r X r a -1 2 4
ﬁéfﬁff,ig v oF &% aR ‘E'KO [‘f - e &

rrt s g can <t
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0
7
ar 3A
* 2. e T
- 4str gx Ry -5 (1T Tps) t Re¥pr* x* X R ox
h ah d P
1072 102 1 1 1 10004 1002 1 11
0
A a3
2 gr A~y 2 £P_ pa
4, _1y(M*) h 3l _ 2 x* w
“ §(y 1)§€g—— 3 ﬁ[ﬁ?} + 2(y=1)£*(M*) 3§ '_X;—_
107Y 107 1972 1 1072 107! 102 1
(A-15)

where St* 1is the reference Stanton Number (St* = Nu¥*/
Re*Pr¥*) .

The following terms in Eg. (A-15) are several orders
of magnitude smaller than the other terms: (1) the third
term on the left-hand side and the third term on the right--
hand side, which describe the axial heat conduction between
gas molecules; (2) the fourth term on the right-hand side,
which describes the viscous dissipation. Therefore, these
terms are neglected in the analysis. The term describing
the rate of work performed on the fluid by the wall fric-
tion forces is one order of magnitude smaller than the
other terms and is kept in the analysis. After this sim-
plification the resulting dimensional energy equation is
presented by Eq. (III-6).
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APPENDIX B

THE AXIAL VARIATION OF PRESSURE, VELOCITY AND

TEMPERATURE IN THE MOTOR PORT

The effects of the various processes taking place dur-
ing the pressure transient on the axial variatior of pres-
sure, velocity and temoerature are shown in the following
paragraphs.

Equations (III-7) and (III-9) can be solved for the
par*-ial space derivatives of pressure and gas velocity to
vield the following expressions:

3p o M% {1 3p _ yp du

90X 1-M2 u ot u2 ot
VARIATIONS W.R.T. TIME
(UNSTEADINESS EFFECTS)

A p__rb T
Yp _P - yRPE 2[ “f L Yo1,2
A o3x YREg— gl t ¢ + 7
P P *
EFFECT OF AXIAL EFFECT OF PROPELLANT GASES
PORT AREA VARIATION ENTERING THE STREAM
(y-1)J P fP
cw Y _w Mo 2 _
+—A 3 ql T R pl (y-1)M" + l] (B-1)
P P *

J :
EFFECT OF HEAT EFFECT OF FRICTION f
TRANSFER TO PORT WALLS LOSSES E
%
and :
) ]
du _ 1 M7 Bu _ 13 |
3 l-Mz u 3t Yyp ot ;
i
_u OB RepetPplyero T §
A % A pl2 T :

(y=-1)J_, P q YP
$o—0c W __¥ fMZ?J (B-2)
P
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From Eg. (III-8) an expression for the partial space
derivative of gas temperature is obtained:

3T _ _L3T _ T du_ GbT Py
ax u ot Y u ox Ap IX
p...rb 2T _
+ yrr — T |2f 1yl 2
Ap pu(T Y 2
P P fu
- (v- w T y{y-1) “w 2 -
(y-1)J Ap Sudy + 3 Ap M (B-3)

The effects of the various parameters on the axial
variation of pressure, temperature and velocity are clear-
ly expressed in Egs. (B-1) througn (B-3). The pressure
variation along the port [Eg. (B-1)] is of particular
interest. For the subsonic flow existing in the motor,
increases of cross-sectional port area and heat loss to
the port walls tend to increase the pressure with distance
from the fore-end, whereas increases of added mass and
friction cause axial decrease of pressure. During the
induction period the unsteadiness effects are negligible
as compared with the effects of other terms, except for a
very short time (1 to 4 msec) at the igniter onset. The
pressure distribution (and the distribution of temperature
and velocity as well) is determined by the heat flux to
the port walls, the wall friction, and the initial port
area distribution. During the flame spreading period and
the early part of chamber filling interval, h-wever, the
flow is largely unsteady and the effects of the terms con-
taining time derivatives [first two terms on the right-hand
side of Eq. (B-1l)] become significant. The dominant term
is that expressing the effect of added mass [third term
on the right-hand side of Eq. (B-1)]. Tvpically, for
A,/Ar = 1.2 the ccmbined magnitude of unsteadiness terms
for flow over the unignited part of the port during flame
spreading is between 10 and 20% of that of the heat-trans-
fer term. Immediately following the ccmpletion of flame
spreading the magnitude of unsteadiness terms at the fore-
end of the propellant section is about 10% of that of the
mass-addition term. Thereafter the effect of unsteadiness
decreases and that of mass addﬁ;ion increases.
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APPENDIX C

COMPARISON OF SOLID PHASE RELAXATION TIMES WITH

THE CHARACTERISTIC TIME OF MOTOR PRESSURIZATION

The phenomenon of dynamic burning following ignition of
the solid propellant due to preheating is discussed in Sec-
tion F, Chapter III. An estimate of its importance in view
of the characteristic time of pressure change during the
transient (rp) is given in the following paragraphs.

The characteristic thickness of preheated layer at the
time of ignition (§_,), assuming constant heat flux to an
inert propellant su??ace can be estimated from the expres-
sion

T .. =T . A_(T__ . -T_.
ps,ig ~ "pi _ ‘pr'Tps,ig ~ Tpi) (C-1)

ph ~ m a
| (37, /8%) g J

The time to burn through the preheated layer (t h) is
given by P
Toh = Gph/r (C-2)

where r 1is an average burning rate evaluated at average

pressure betwenn the induction-period pressure and the maxi-
num pressure.

Consider the following two definitions of characteristic
time for motor pressurization: (1) the total time of pressur-
ization, 1t , from the instant of pressure rise following
the induct?éﬁ-interval level to the attainment of maximum
pressure; and (2) the pressurization time interval corres-
ponding to maximum pressure rise, T . The latter is given
by the relation p.m

P - P.

max ind

T = (C-3)
p,m (8p/8t)max

where Pind is the pressure level during the induction inter-
val.

For a typical test with the experimental motor at A_/A
=1.2, 1 = 40 msec and 1 — 10 msec (at the fore enf o
the propglfant section,; . P

For the baseline valuei listed in Table 1 and an average
constant value of 40 cal/cm“-sec for g (see Fig. 35) ex-
pression (C-1) yields & value of 0.009 cm for 6 _,. If the
burning rate in Eq. (C~2) is evaluated as the noB2erosive

s T P S
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burning rate at an average pressure of 20 kgf/cm2 (see Fig.
6), then the time to burn through the preheated layer, T h'
is 18 msec. An estimation of the relaxation,time for the
solid phase steady-state burning (t_ = a__/r”) for the same
burning rate yields a value of 7.8 fisec.PT

Comparing these values of 1 _. and T with the afore-
mentioned typical values for 1 Pl and , it may be con-
cluded that, as far as the entigémpressuriBéEion time is con-
cerned, the effect of dynamic burning due to preheating is
small. For the limited time of fast pressure change
the effect is significant. However, for properly designed
motors the period of large dynamic burning effects is over
before the pressure overshoot occurs.”°: 6  Thus the dyn-
amic burning is not expected to significantly increase Pnax®
As mentioned in Chapter VII, combined consideration of ero-
sive ané dynamic burning may improve the analysis and extend
its application.
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APPENDIX E

OVERALL COMPUTER PROGRAM FLOW CHART

Yes

——mm— Set t =t + At

Read Initial Conditions
and Input Data

5

Calculate m,
1g

Calculate Boundary Values

i

Perform Predictor Calculations
to Obtain wu(x), T(x), p(x)

I

t <t

S

?

max’

1

Perform Corrector Calculations
to Obtain u(x), T(x), p(x)

]

Calculate Tps' Tws and r

Calculate A
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APPENDIX F

LISTS OF COMPUTER PROGRAM SUBRQUTINES

AND INPUT DATA CARDS

1. Description of Subroutines

The computer program consists of a main program and
thirteen subroutines.

Subroutines LBCUOP and RBC calculate the left-
boundary and right-boundary values of the flow parameters,
respectively.

Subroutine TSCAL calculates the propellant surface
temperature by integrating Egq. (III-50).

Subroutine TPSABL calculates the propellant surface
temperature during a decomposition-gasification period
(when assumed) by integrating an equation similar to Eqg.
(ITI-50) obtained by the integral method.

Subroutines TRID, DECOMP, SOLV, GSOLV, ASOLV, VSOLV,
REPL2, REPL1, and SING solve the block-tridiagonal matrix
of the finite-difference equations by decomposing it into
two bidiagonal matrices.

2. Input Data Cards

There are nine input data cards, placed at the end of
the computer program deck. Each card contains up to seven
input perameters, placed in consecutive groups of ten
columns. The format of each parameter is Fl1l0. Therefore
the number may be specified either as X.XXXXE:OX or
XXXX.XXXX, as required. The designation in the following
iist is the notation used in the computer program.

The First Card contains the following input information:

1) XP = position at the eutrance to the propel-
lant section, cm (xp in the text);

2) XG = position at the aft-end of the propel-
lant slab, cm;

3) XE = position at the entrance to the motor

nozzle, cm (xE in the text);
4) API = initial port area, cmz;

5) APIAT = initial port-to-throat area ratio
(Ap/At in the text):
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BP = burning perimeter, cm (b in the text);

WPI = initial wetted perimeter, cm (Pw

in the text). 1

The Second Card contains the following input informa-

tion:

1)

2)

3)

4)

5)

6)

7)

W = molecular weight of the combustion gases,
g/g-mole (W in the text):

GAMA = ratio of specific heats (y in the

text);
ROPR = density of the solid propellant,
g/cm3 (p__ in the text);
pr
FKPR = thermal conductivity of the solid
propellant, cal/cm-sec-°K (A r in
the text); P
ALPHAP = thermal diffusivity of the solid

propellant, cm2/sec (o in the text)
(c is calculated in Phe program
£rBh inputs 3, 4, and 5)

Leave blank:

ROUGH = equivalent relative roughness of the
port walls (es/dh in the text).

The Third Card contains the following inpuat informa-

tion:

1)

2)

3)

4)

5)

TF = adiabatic flame temperature of the solid
propellant, °K (Tf in the text);

TPSCRI = critical propellant surface tempera-
ture for start of decomposition-
yasification, °K;

TPSBRN = propellant surface temperature, at
which propellant ignition occurs,
( in the text);

A = pre-exponential factor in the non-erosive
burning rate law, apn (a in the text);

T .
ps,1g

BREXP = pressure exponent in the non-erosive
burning rate law (n in the text);

A Rl 1
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EBC = erosive burning constant, cm3-°K/cal
(k in the text);

EBEX = erosive burning exponent (8 in the
text) .

The Fourth Card contazins the following input informa-~

tion:

Igniter mass flow
rate, g/sec

1)

2)

3)

4)

5)

TCOR = time of the first corner in the multi-

linearized m,_ vs t plot (see Fig. 14),

sec; 19
TSS = time, at which steady-state igniter

operation is reached (second corner in
Fig. 14), sec;

TCUT = time, at which linear igniter cut-off
starts (third corner in Fig. 14), sec;

TOFF = time, at which igniter is completely
turned off, sec;

MIGN(0) = initial igniter mass flow rate
(at t = 0) to facilitate the
numerical calculation, g/sec,

(mig,i in the text);
6) MIGNC = igniter mass flow rate at time TCOR,
g/sec;
7) MIGNSS = steady-state igniter mass flow rate,
g/sec.
MIGNSS

MIGNC ' |
| l |
| | |
| l !
MIGN (0) l :
o I |

0 TCOR TSS TCUT TOFE

Time, sec
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The Fifth Card contains the following input informa-

tion:

1)

2)

3)
4)

5)

6)

TGI = initial gas temperature in the motor,
°K (Ti in the text);

PCI = initial pressure in the motor, gf/cm2
(pi in the text);

PAM = ambient pressure, gf/cm2 (pa in the text);

TPI = initial propellant temperature, °K
(Tpi in the text):;

TIGN = effective mean temperatur. of the
igniter gas, °K (Tig in the text);

UCI = initial gas velocity in the motor,
cm/sec (ui in the text).

The Sixth Card contains the following input informa-

tion:

1)

2)

3)

4)

5)

NITER = number of iterative predictor calcu-
lations;

NPRINT = number of time-step calculations,
after each of which an output is
printed out;

NPUN = number of time-step calculations, af-
ter each of which an output is punched
out. for plotting and restart;

NSPAVE = number of time 1p calculations,

after each c: /i .‘I. space averaging
takes place;

NBL = number of time-u:icpo la: aticns, after
each of which balar. i the conserva-
tion and governing .. ' .ons is perform-

ed and printed out

The Seventh Card contains the following input informa-

tion:

1)

2)

DELTAX = spacewise step for the numerical
calculation (must result in a whole
nunber of increments), cm (Ax in the
text);

DELTAT = time step in the numerical calcnl

tion, sec (At in the text):;
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3) TI

4) TMAX
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initial time of a computer run, or a
restart run, sec;

maximum time of a computer run, or
a restart run, sec;

5) EPSLON = a small number in Eq. (III-51 ),

6) DDRG

7) DDHC

The Eighth Car

°K (¢ in the text);

a factor, by which the expression for
the friction coefficient [Eq. (IIT-33 )]
is multiplied (for parametric studies);

a factor, by which the expression
for the heat-transfer coefficient
[Eq. (III-31)) is multiplied (for
parametric studies).

d contains the following input informa-

tion:

1) Tsavl

2) TSAV2

time, before which the space-averaging
weight SAVMIN (see below) is used,
sec;

time, after which the space-averaging
weight SAVMAX (see below) is used,
sec;

3) SAVMIN = space-average percentage weight of

the values at the neighboring meJh
points specified for the time before ,
TSAV1;

4) SAVMAX = space-average percentage weight of

the values at the neighboring mesh
peints specified for the time after
TSAV2. Be*ween the times TSAV1 and
TSAV2 linear increase .n the space-
average weight is specified.

The Ninth Card contains the following input informa-

tion:

1) TTT1

2) TTT:z

time, before which the Crank-Nicolson
parameter has the value THETAN (see
below), sec;

time, after which the Crank-Nicolson
parameter has the value THETAX (see
below), -<-~c;
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; 3) THETAN = value of Crank-Nicolson parameter,
sp2cified for the time ">~rfore TTT1;
4) THETAX = value of Crank-Nicolson parameter,

specified for the time after TTT2.

B2tween the times TTT1i and TTT2 )
linear increase in the parameter is !
specified
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XP
XG

API
APIAT
BP

WPI

W
GAMA
ROPR
FKPR
ALPHA.
ROUGH
TF
TPSCRI
TPSBRN
A
BREXP
EBC
EBEX
TCOR
TSS
TCUT
TOFF
MIGN (0)
MIGNC
MIGNSS

[
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Table Fl

List of Input Values for Datum Case

6.16
54.42
62.04

1.613

1.20

5.08

6.35
22.01

1.24

1.60

0.0009

0.001875

0.001

2225.0
690.0
700.0

0.00927

0.40

5.72

105.0

0.002

0.012

0.150

0.220

1.055
12.0
15.0

TGI
PCT
PAM
TPI
TIGN
UCI
NITER
NPRINT
NPUN
NSPAVE
NBL
DELTAX
DELTAT
TI
TMAX
EPSLON
DDRG
DDHC
TSAV1
TSAV2
SAVMIN
SAVMAX
TTT1
TTT2
THETAN
THETAX

298.0
1.0331 x 10
1.033 x 103

298.0
2410.0
727.0
1.0
20.0
400.0
1.0
200.0
2.54
0.600025
0.0
0.080
0.10
1.0
1.0
0.01
0.02
0.06
0.06
0.01
0.02
0.60
0.60

3

o e e i g

b s e < 3





